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ȼȼȿȾȿɇɂȿ 
Ɇɧɨɝɨɫɥɨɣɧɵɟ ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ ɧɚɩɪɚɜɥɹɸɳɢɟ ɫɬɪɭɤɬɭɪɵ ɢɫɩɨɥɶɡɭɸɬɫɹ 
ɜ ɤɚɱɟɫɬɜɟ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɷɧɟɪɝɢɢ, ɪɚɜɧɨ ɤɚɤ ɢ ɜ ɤɚɱɟɫɬɜɟ 
ɛɚɡɨɜɵɯ ɷɥɟɦɟɧɬɨɜ ɫɥɨɠɧɵɯ ɭɫɬɪɨɣɫɬɜ ɋȼɑ (ɩɨɥɨɫɧɨ-ɩɪɨɩɭɫɤɚɸɳɢɟ ɮɢɥɶɬɪɵ, 
ɮɢɥɶɬɪɵ ɬɢɩɨɜ ɜɨɥɧ, ɚɬɬɟɧɸɚɬɨɪɵ, ɧɚɩɪɚɜɥɟɧɧɵɟ ɨɬɜɟɬɜɢɬɟɥɢ ɢ ɞɪ.), ɚ ɬɚɤɠɟ 
ɷɥɟɦɟɧɬɨɜ ɚɧɬɟɧɧɵɯ ɫɢɫɬɟɦ. ɉɪɢ ɷɬɨɦ ɩɪɢɫɭɬɫɬɜɢɟ ɧɟɫɤɨɥɶɤɢɯ ɫɥɨɟɜ ɦɚɬɟɪɢɚɥɚ 
ɜ ɤɨɧɫɬɪɭɤɰɢɢ ɦɨɠɟɬ ɛɵɬɶ ɨɛɭɫɥɨɜɥɟɧɨ ɧɟ ɬɨɥɶɤɨ ɤɨɧɫɬɪɭɤɰɢɟɣ ɫɨɞɟɪɠɚɳɢɯ 
ɢɯ ɬɪɚɤɬɨɜ, ɧɨ ɢ ɧɟɨɛɯɨɞɢɦɨɫɬɶɸ ɡɚɳɢɬɵ ɨɬ ɜɧɟɲɧɟɝɨ ɜɨɡɞɟɣɫɬɜɢɹ, 
ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɦɢ ɨɫɨɛɟɧɧɨɫɬɹɦɢ ɩɪɨɢɡɜɨɞɫɬɜɚ ɷɥɟɦɟɧɬɨɜ ɢ ɬ.ɞ. 
ɋɬɪɭɤɬɭɪɚ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɧɚɩɪɚɜɥɹɸɳɟɣ ɫɢɫɬɟɦɵ ɢ ɩɚɪɚɦɟɬɪɵ 
ɫɪɟɞ, ɢɡ ɤɨɬɨɪɵɯ ɫɨɫɬɨɢɬ ɫɢɫɬɟɦɚ, ɨɩɪɟɞɟɥɹɸɬ ɟɟ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. Ɍɚɤɨɜɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɹɜɥɹɸɬɫɹ ɞɥɢɧɵ 
ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜɨɥɧ ɜ ɥɢɧɢɢ, ɢɯ ɮɚɡɨɜɚɹ ɢ ɝɪɭɩɩɨɜɚɹ ɫɤɨɪɨɫɬɢ, 
ɨɩɨɫɪɟɞɨɜɚɧɧɨ ɜɵɪɚɠɚɸɳɢɟɫɹ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɮɚɡɵ. ɉɪɢ ɧɚɥɢɱɢɢ 
ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɫɬɟɧɨɤ ɫ ɤɨɧɟɱɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɶɸ, ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɟ ɩɨɥɟ 
ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɥɢɧɢɢ ɜɨɥɧɵ ɩɪɨɧɢɤɚɟɬ ɜ ɧɢɯ, ɢ ɩɟɪɟɧɨɫɢɦɚɹ ɜɨɥɧɨɣ 
ɷɧɟɪɝɢɹ ɬɪɚɬɢɬɫɹ ɧɚ ɧɚɝɪɟɜ. ȼ ɫɥɭɱɚɟ ɡɚɩɨɥɧɟɧɢɹ ɥɢɧɢɢ ɧɟɢɞɟɚɥɶɧɵɦ 
ɦɚɬɟɪɢɚɥɨɦ, ɩɨɥɟ ɜɨɥɧɵ ɫɨɡɞɚɟɬ ɜ ɧɟɦ ɬɨɤɢ ɩɪɨɜɨɞɢɦɨɫɬɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ 
ɨɫɥɚɛɥɟɧɢɸ ɩɨɥɹ ɜ ɩɪɨɞɨɥɶɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ. ȼ ɷɬɢɯ ɫɥɭɱɚɹɯ ɤ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɞɨɛɚɜɥɹɟɬɫɹ ɤɨɷɮɮɢɰɢɟɧɬ ɡɚɬɭɯɚɧɢɹ.  
Ʉɚɤ ɩɪɚɜɢɥɨ, ɩɪɢ ɚɧɚɥɢɡɟ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɢɧɬɟɪɟɫ ɩɪɟɞɫɬɚɜɥɹɟɬ 
ɤɨɦɩɥɟɤɫɧɨɟ ɜɨɥɧɨɜɨɟ ɱɢɫɥɨ (ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ), ɯɚɪɚɤɬɟɪɢɡɭɸɳɟɟ 
ɨɞɧɨɜɪɟɦɟɧɧɨ ɢ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɫɜɨɣɫɬɜɚ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɢ ɨɫɥɚɛɥɟɧɢɟ ɩɨɥɹ 
ɜɨɥɧɵ ɜ ɩɪɨɞɨɥɶɧɨɦ ɧɚɩɪɚɜɥɟɧɢɢ. Ɍɚɤɠɟ ɞɥɹ ɚɧɚɥɢɡɚ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ 
ɜɬɨɪɢɱɧɵɟ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɨɩɢɪɚɸɳɢɟɫɹ ɧɚ ɜɨɥɧɨɜɵɟ 
ɱɢɫɥɚ ɢ ɢɯ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ, ɬɚɤɢɟ ɤɚɤ ɤɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɤɪɵɬɢɹ ɩɨ 
ɱɚɫɬɨɬɟ, ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ, ɧɚɤɥɨɧɵ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɬ.ɞ. 
ɇɚɥɢɱɢɟ ɦɧɨɝɨɫɥɨɣɧɨɝɨ ɡɚɩɨɥɧɟɧɢɹ ɢɥɢ ɭɤɪɵɬɢɹ ɜ ɧɚɩɪɚɜɥɹɸɳɟɣ 
ɫɬɪɭɤɬɭɪɟ ɡɧɚɱɢɬɟɥɶɧɨ ɭɫɥɨɠɧɹɟɬ ɪɚɫɱɟɬ ɟɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, ɚ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢ 
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ɟɟ ɚɧɚɥɢɡ ɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɟ ɭɫɬɪɨɣɫɬɜ ɧɚ ɟɟ ɨɫɧɨɜɟ. Ɉ ɫɥɨɠɧɨɫɬɢ ɢ ɜɚɠɧɨɫɬɢ 
ɢɫɫɥɟɞɨɜɚɧɢɣ ɜ ɨɛɥɚɫɬɢ ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɢ ɦɧɨɝɨɫɥɨɣɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ 
ɫɬɪɭɤɬɭɪ ɝɨɜɨɪɢɬ ɪɹɞ ɪɚɛɨɬ ɭɱɟɧɵɯ, ɜɧɟɫɲɢɯ ɫɜɨɣ ɜɤɥɚɞ ɜ ɪɚɡɜɢɬɢɟ ɷɬɨɝɨ 
ɧɚɩɪɚɜɥɟɧɢɹ. ɋɪɟɞɢ ɨɬɟɱɟɫɬɜɟɧɧɵɯ ɭɱɟɧɵɯ ɨɬɦɟɬɢɦ Ƚ.ȼ Ʉɢɫɭɧɶɤɨ, Ʌ.Ⱥ. 
ȼɚɣɧɲɬɟɣɧɚ, Ȼ.Ⱥ. ɉɨɩɟɪɟɱɟɧɤɨ, Ʌ.Ɇ. ȼ.Ɏ. ȼɡɹɬɵɲɟɜɚ, ɋ.Ȼ. Ɋɚɟɜɫɤɨɝɨ, Ƚ.ɂ. 
ȼɟɫɟɥɨɜɚ, ȼ.ȼ. ɇɢɤɨɥɶɫɤɨɝɨ; ɡɚ ɪɭɛɟɠɨɦ ɷɬɨ ɧɚɩɪɚɜɥɟɧɢɟ ɪɚɡɜɢɬɨ Ʌ. Ɏɟɥɫɟɧɨɦ, 
ɇ. Ɇɚɪɤɭɜɢɰɨɦ, Ʉ. ɍɨɥɬɟɪɨɦ, Ɋ. Ʉɢɧɝɨɦ ɢ Ƚ. ɋɦɢɬɨɦ, Ⱦɠ. Ʉ. ɋɚɭɫɜɨɪɬɨɦ ɢ 
ɦɧɨɝɢɦɢ ɞɪɭɝɢɦɢ ɭɱɟɧɵɦɢ, ɡɚɧɢɦɚɜɲɢɦɢɫɹ ɚɧɚɥɢɬɢɱɟɫɤɢɦɢ ɢ ɱɢɫɥɟɧɧɵɦɢ 
ɦɟɬɨɞɚɦɢ ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɢ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ. Ɍɚɤɠɟ ɧɟɥɶɡɹ ɧɟ 
ɨɬɦɟɬɢɬɶ ɨɫɧɨɜɚɬɟɥɹ ɭɪɚɥɶɫɤɨɣ ɧɚɭɱɧɨɣ ɲɤɨɥɵ ɩɨ ɬɟɯɧɢɱɟɫɤɨɣ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɟ Ȼ.Ⱥ. ɉɚɧɱɟɧɤɨ, ɪɚɡɜɢɜɲɟɝɨ ɦɟɬɨɞ ɬɟɧɡɨɪɧɵɯ ɮɭɧɤɰɢɣ Ƚɪɢɧɚ 
ɚɧɚɥɢɡɚ ɫɥɨɢɫɬɵɯ ɫɪɟɞ, ɢ ɟɝɨ ɭɱɟɧɢɤɨɜ ɋ.Ɍ. Ʉɧɹɡɟɜɚ ɢ ɋ.ɇ. ɒɚɛɭɧɢɧɚ, 
ɩɪɨɞɨɥɠɢɜɲɢɯ ɪɚɡɪɚɛɨɬɤɭ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɞɥɹ ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɢ ɩɥɨɫɤɢɯ ɢ 
ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɦɧɨɝɨɫɥɨɣɧɵɯ ɫɬɪɭɤɬɭɪ. 
ɉɟɪɜɵɦ ɩɨɩɵɬɚɥɫɹ ɪɟɲɢɬɶ ɡɚɞɚɱɭ ɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ 
ɜɨɥɧɵ ɜɞɨɥɶ ɛɟɫɤɨɧɟɱɧɨ ɬɨɧɤɨɝɨ ɩɪɨɜɨɞɧɢɤɚ Ƚ. Ƚɟɪɰ [1], ɨɞɧɚɤɨ ɩɨɬɟɪɩɟɥ 
ɧɟɭɞɚɱɭ, ɧɟ ɫɭɦɟɜ ɫɮɨɪɦɭɥɢɪɨɜɚɬɶ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ ɧɚ ɛɟɫɤɨɧɟɱɧɨ ɬɨɧɤɨɦ 
ɩɪɨɜɨɞɧɢɤɟ. ɉɟɪɜɭɸ ɠɟ ɡɚɞɚɱɭ ɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ 
ɜɞɨɥɶ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɧɚɩɪɚɜɥɹɸɳɟɣ ɫɬɪɭɤɬɭɪɵ ɤɨɧɟɱɧɨɝɨ ɩɨɩɟɪɟɱɧɨɝɨ 
ɫɟɱɟɧɢɹ ɫɮɨɪɦɭɥɢɪɨɜɚɥ ɢ ɪɚɫɫɦɚɬɪɢɜɚɥ ɜ ɫɜɨɢɯ ɪɚɛɨɬɚɯ ɨɞɢɧ ɢɡ 
ɨɫɧɨɜɨɩɨɥɨɠɧɢɤɨɜ ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɢ Ⱥ. Ɂɨɦɦɟɪɮɟɥɶɞ [2]. Ɍɨɝɞɚ ɟɳɟ ɨɧ 
ɡɚɞɚɜɚɥɫɹ ɬɨɥɶɤɨ ɜɨɩɪɨɫɨɦ ɨ ɜɨɡɦɨɠɧɨɫɬɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɨɥɧɵ ɜɞɨɥɶ 
ɩɪɨɜɨɞɧɢɤɚ ɫ ɤɨɧɟɱɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɶɸ, ɢ ɩɪɢ ɷɬɨɦ, ɩɪɢɦɟɧɢɜ ɭɫɥɨɜɢɹ 
ɨɛɧɭɥɟɧɢɹ ɩɨɥɹ ɧɚ ɛɟɫɤɨɧɟɱɧɨɫɬɢ, ɩɨɥɭɱɢɥ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɚɦɩɥɢɬɭɞɵ ɩɨɥɹ 
ɜɞɨɥɶ ɪɚɞɢɚɥɶɧɨɣ ɤɨɨɪɞɢɧɚɬɵ ɜ ɜɢɞɟ ɮɭɧɤɰɢɢ ɏɚɧɤɟɥɹ.  
ȼ ɞɚɥɶɧɟɣɲɟɦ ɬɟɨɪɢɹ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɪɚɡɜɢɜɚɥɚɫɶ ɜ 
ɨɬɟɱɟɫɬɜɟɧɧɵɯ ɪɚɛɨɬɚɯ [3], [4], [5]. ȼ ɷɬɨ ɠɟ ɜɪɟɦɹ ɪɚɡɜɢɬɢɟ ɬɟɨɪɢɢ ɧɚɲɥɨ 
ɨɬɪɚɠɟɧɢɟ ɢ ɜ ɡɚɪɭɛɟɠɧɵɯ ɦɨɧɨɝɪɚɮɢɹɯ [6], [7], ɱɚɫɬɢɱɧɨ ɩɨɫɜɹɳɟɧɧɵɯ ɭɠɟ 
ɞɜɭɯɫɥɨɣɧɵɦ ɥɢɧɢɹɦ ɩɟɪɟɞɚɱɢ. Ɇɧɨɠɟɫɬɜɨ ɫɟɪɶɟɡɧɵɯ ɧɚɭɱɧɵɯ ɪɚɛɨɬ ɜ ɬɨ 
ɜɪɟɦɹ ɫɜɹɡɚɧɨ ɫ ɩɟɪɫɩɟɤɬɢɜɨɣ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜɨɥɧɵ ɇ01 ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ɞɥɹ 
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ɩɟɪɟɞɚɱɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ ɧɚ ɞɚɥɶɧɢɟ ɪɚɫɫɬɨɹɧɢɹ, ɤɨɬɨɪɚɹ ɩɟɪɟɫɬɚɥɚ 
ɛɵɬɶ ɩɪɢɜɥɟɤɚɬɟɥɶɧɨɣ ɫ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟɦ ɨɩɬɨɜɨɥɨɤɨɧɧɵɯ ɥɢɧɢɣ ɢ ɪɚɡɜɢɬɢɟɦ 
ɬɟɯɧɨɥɨɝɢɣ ɢɯ ɩɪɨɢɡɜɨɞɫɬɜɚ. 
ɉɟɪɜɨɣ ɫɭɳɟɫɬɜɟɧɧɨɣ ɨɬɟɱɟɫɬɜɟɧɧɨɣ ɦɨɧɨɝɪɚɮɢɟɣ, ɪɚɫɫɦɚɬɪɢɜɚɸɳɟɣ 
ɩɪɨɛɥɟɦɵ ɩɪɚɤɬɢɱɟɫɤɢ ɬɨɥɶɤɨ ɦɧɨɝɨɫɥɨɣɧɵɯ ɜɨɥɧɨɜɨɞɨɜ ɦɨɠɧɨ ɫɱɢɬɚɬɶ [8]. ȼ 
ɧɟɣ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɨɫɨɛɟɧɧɨɫɬɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɨɥɧ ɜ ɨɬɤɪɵɬɵɯ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɜɨɥɧɨɜɨɞɚɯ. ȼ ɞɚɥɶɧɟɣɲɟɦ ɩɨɹɜɢɥɚɫɶ ɟɳɟ ɨɞɧɚ ɤɪɭɩɧɚɹ 
ɪɚɛɨɬɚ [9], ɡɚɬɪɚɝɢɜɚɸɳɚɹ ɭɠɟ ɢ ɡɚɤɪɵɬɵɟ ɧɚɩɪɚɜɥɹɸɳɢɟ ɫɬɪɭɤɬɭɪɵ. ɉɪɢ ɷɬɨɦ, 
ɢɡ ɤɪɭɩɧɵɯ ɩɭɛɥɢɤɚɰɢɣ, ɜ ɤɨɬɨɪɵɯ ɯɨɬɹ ɛɵ ɜɤɪɚɬɰɟ ɪɚɫɫɦɨɬɪɟɧɵ ɫɥɨɢɫɬɵɟ 
ɤɨɚɤɫɢɚɥɶɧɵɟ ɥɢɧɢɢ ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ ɬɨɥɶɤɨ [10], [11] ɢ ɭɠɟ ɭɩɨɦɹɧɭɬɭɸ [7]. ȼ 
ɚɛɫɨɥɸɬɧɨɦ ɛɨɥɶɲɢɧɫɬɜɟ ɪɚɛɨɬ ɞɥɹ ɫɨɫɬɚɜɥɟɧɢɹ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ 
ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɦɟɬɨɞ ɫɲɢɜɚɧɢɹ ɩɨɥɟɣ ɢ ɟɝɨ ɦɨɞɢɮɢɤɚɰɢɹ ɜ ɜɢɞɟ ɦɟɬɨɞɚ 
ɱɚɫɬɢɱɧɵɯ ɨɛɥɚɫɬɟɣ, ɜ ɤɨɬɨɪɨɦ ɱɚɫɬɧɵɟ ɪɟɲɟɧɢɹ ɜɨɥɧɨɜɵɯ ɭɪɚɜɧɟɧɢɣ ɜ 
ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɫɬɪɭɤɬɭɪɟ ɨɩɪɟɞɟɥɹɸɬɫɹ ɝɪɚɧɢɱɧɵɦɢ ɭɫɥɨɜɢɹɦɢ ɧɚ ɝɪɚɧɢɰɚɯ 
ɨɞɧɨɪɨɞɧɵɯ ɫɥɨɟɜ. ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɩɪɨɟɤɰɢɨɧɧɵɯ ɦɟɬɨɞɨɜ ɪɟɲɟɧɢɹ 
ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ, ɩɨɥɭɱɚɸɬ ɫɢɫɬɟɦɭ ɥɢɧɟɣɧɵɯ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ 
ɭɪɚɜɧɟɧɢɣ (ɋɅȺɍ). Ɉɞɧɚɤɨ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɤɨɥɢɱɟɫɬɜɚ ɫɥɨɟɜ ɦɚɬɪɢɰɚ, ɢɡ 
ɤɨɬɨɪɨɣ ɨɩɪɟɞɟɥɹɟɬɫɹ ɪɟɲɟɧɢɟ ɋɅȺɍ, ɫɬɚɧɨɜɢɬɫɹ ɩɥɨɯɨ ɨɛɭɫɥɨɜɥɟɧɧɨɣ, ɱɬɨ 
ɡɚɬɪɭɞɧɹɟɬ ɛɵɫɬɪɵɣ ɢ ɬɨɱɧɵɣ ɩɨɢɫɤ ɪɟɲɟɧɢɹ. ɉɪɢ ɷɬɨɦ ɬɨɥɶɤɨ ɥɢɲɶ ɜ 
ɩɨɫɥɟɞɧɟɣ ɤɧɢɝɟ ɩɨɞɯɨɞ ɤ ɫɨɫɬɚɜɥɟɧɢɸ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɨɬɥɢɱɚɟɬɫɹ 
ɨɬ ɨɛɳɟɩɪɢɧɹɬɨɝɨ ɢ ɱɚɫɬɢɱɧɨ ɩɪɢɦɟɧɹɸɬɫɹ ɦɟɬɨɞɵ ɬɟɨɪɢɢ ɰɟɩɟɣ ɋȼɑ.  
ɇɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɫɚɦɨɣ ɫɨɜɪɟɦɟɧɧɨɣ ɤɪɭɩɧɨɣ ɪɚɛɨɬɨɣ ɩɨ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɟ ɦɧɨɝɨɫɥɨɣɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ 
ɹɜɥɹɟɬɫɹ [12], ɜ ɤɨɬɨɪɨɣ ɭɤɥɨɧ ɞɟɥɚɟɬɫɹ ɧɚ ɪɚɫɫɦɨɬɪɟɧɢɟ ɤɨɦɩɥɟɤɫɧɵɯ ɜɨɥɧ. 
Ɉɞɧɚɤɨ ɢ ɜ ɧɟɣ ɢɫɩɨɥɶɡɭɟɬɫɹ ɦɟɬɨɞ ɱɚɫɬɢɱɧɵɯ ɨɛɥɚɫɬɟɣ, ɬɨɥɶɤɨ ɭɠɟ ɩɨɢɫɤ 
ɤɨɪɧɟɣ ɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɭɪɚɜɧɟɧɢɹ ɧɚ ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɜɟɞɟɬɫɹ ɦɟɬɨɞɚɦɢ 
Ɇɸɥɥɟɪɚ ɢ ɜɚɪɢɚɰɢɢ ɮɚɡɵ, ɤɨɬɨɪɵɟ ɹɜɥɹɸɬɫɹ ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ. 
ɉɨɦɢɦɨ ɛɨɥɶɲɢɯ ɪɚɛɨɬ, ɨɯɜɚɬɵɜɚɸɳɢɯ ɲɢɪɨɤɢɣ ɤɥɚɫɫ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ, 
ɚɤɬɢɜɧɨɟ ɪɚɡɜɢɬɢɟ ɜɨɩɪɨɫɚ ɨɬɫɥɟɠɢɜɚɟɬɫɹ ɢ ɩɨ ɫɬɚɬɶɹɦ, ɩɨɫɜɹɳɟɧɧɵɦ 
ɦɧɨɝɨɫɥɨɣɧɵɦ ɡɚɤɪɵɬɵɦ ɜɨɥɧɨɜɨɞɚɦ [13-31]. ȼ ɧɢɯ ɜ ɨɫɧɨɜɧɨɦ ɨɛɫɭɠɞɚɸɬɫɹ 
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ɬɚɤɢɟ ɢɡɜɟɫɬɧɵɟ ɤ ɞɚɧɧɨɦɭ ɦɨɦɟɧɬɭ ɹɜɥɟɧɢɹ ɤɚɤ ɢɧɜɟɪɫɢɹ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ, 
ɩɪɢ ɤɨɬɨɪɨɣ ɫɦɟɧɹɟɬɫɹ ɨɫɧɨɜɧɨɣ ɬɢɩ ɜɨɥɧɵ ɢ, ɜ ɨɛɳɟɦ, ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ 
ɤɪɢɬɢɱɟɫɤɢɯ ɭɫɥɨɜɢɣ ɫ ɢɡɦɟɧɟɧɢɟɦ ɩɚɪɚɦɟɬɪɨɜ ɡɚɩɨɥɧɟɧɢɹ. ɇɢɤɚɤɢɯ 
ɡɧɚɱɢɬɟɥɶɧɵɯ ɦɨɞɢɮɢɤɚɰɢɣ ɦɟɬɨɞɨɜ ɫɨɫɬɚɜɥɟɧɢɹ ɢ ɪɟɲɟɧɢɹ ɞɢɫɩɟɪɫɢɨɧɧɵɯ 
ɭɪɚɜɧɟɧɢɣ ɞɥɹ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɧɟ ɩɪɨɢɡɜɨɞɢɬɫɹ. 
ȼ [24, 25] ɩɪɟɞɥɚɝɚɟɬɫɹ ɞɚɠɟ ɦɟɬɨɞ ɞɥɹ ɪɚɫɱɟɬɚ ɞɢɫɩɟɪɫɢɢ ɤɪɭɝɥɨɝɨ 
ɜɨɥɧɨɜɨɞɚ ɫ ɩɪɨɢɡɜɨɥɶɧɵɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɡɚɩɨɥɧɟɧɢɟɦ. ȼ ɤɚɱɟɫɬɜɟ 
ɚɥɶɬɟɪɧɚɬɢɜɵ ɤɥɚɫɫɢɱɟɫɤɨɦɭ ɦɟɬɨɞɭ ɱɚɫɬɢɱɧɵɯ ɨɛɥɚɫɬɟɣ ɚɜɬɨɪɚɦɢ 
ɩɪɟɞɥɚɝɚɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɬɶ ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɵɣ ɦɟɬɨɞ Ƚɚɥɟɪɤɢɧɚ ɩɪɢ ɪɚɫɱɟɬɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜɨɥɧɨɜɨɞɨɜ ɞɚɠɟ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɩɚɪɚɦɟɬɪɵ ɡɚɩɨɥɧɟɧɢɹ 
ɧɟɩɪɟɪɵɜɧɨ ɢɡɦɟɧɹɸɬɫɹ ɜɞɨɥɶ ɪɚɞɢɚɥɶɧɨɣ ɤɨɨɪɞɢɧɚɬɵ. Ⱦɥɹ ɢɥɥɸɫɬɪɚɰɢɢ 
ɪɚɛɨɬɵ ɦɟɬɨɞɚ ɜ ɪɚɛɨɬɚɯ ɩɪɢɜɟɞɟɧɵ ɪɚɫɫɱɢɬɚɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜɨɥɧɨɜɨɞɨɜ 
ɫ ɝɪɚɞɢɟɧɬɧɵɦ ɩɪɨɮɢɥɟɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɡɚɩɨɥɧɟɧɢɹ. Ɉɞɧɚɤɨ 
ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɶ ɬɚɤɨɝɨ ɦɟɬɨɞɚ ɩɨɤɚɡɚɧɚ ɬɨɥɶɤɨ ɧɚ ɩɪɢɦɟɪɟ ɫɢɦɦɟɬɪɢɱɧɵɯ 
ɜɨɥɧ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ ɩɪɨɢɡɜɨɥɶɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ. 
Ɋɹɞ ɪɚɛɨɬ ɩɨɫɜɹɳɟɧ ɢ ɤɨɚɤɫɢɚɥɶɧɵɦ ɥɢɧɢɹɦ [32-41]. ɉɪɢ ɷɬɨɦ ɜ ɷɬɢɯ 
ɪɚɛɨɬɚɯ ɭɤɚɡɵɜɚɸɬɫɹ ɥɢɲɶ ɨɛɳɢɟ ɬɟɧɞɟɧɰɢɢ ɩɨɜɟɞɟɧɢɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɜ 
ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɤɨɧɮɢɝɭɪɚɰɢɢ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ. 
Ⱥɧɚɥɢɡ ɜɵɫɲɢɯ ɬɢɩɨɜ ɜɨɥɧ ɜ ɥɢɬɟɪɚɬɭɪɟ ɨɫɬɚɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɨɫɜɹɳɟɧɧɵɦ, 
ɡɚ ɢɫɤɥɸɱɟɧɢɟɦ ɪɚɫɱɟɬɨɜ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɩɟɪɜɨɝɨ ɜɵɫɲɟɝɨ ɬɢɩɚ ɜɨɥɧɵ. 
Ɉɬɤɪɵɬɵɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɜɨɥɧɨɜɨɞɚɦ ɩɨɫɜɹɳɟɧɨ ɦɧɨɠɟɫɬɜɨ ɫɬɚɬɟɣ, 
ɬ.ɤ. ɨɧɢ ɹɜɥɹɸɬɫɹ ɛɚɡɨɜɨɣ ɫɬɪɭɤɬɭɪɨɣ ɞɥɹ ɫɨɡɞɚɧɢɹ ɫɨɜɪɟɦɟɧɧɵɯ 
ɨɩɬɨɜɨɥɨɤɨɧɧɵɯ ɥɢɧɢɣ [42-59]. Ɉɞɧɚɤɨ ɜ ɞɚɧɧɵɯ ɫɬɚɬɶɹɯ ɬɚɤɠɟ ɧɟɬ ɤɚɤɢɯ ɥɢɛɨ 
ɦɨɞɢɮɢɤɚɰɢɣ ɚɧɚɥɢɬɢɱɟɫɤɢɯ ɥɢɛɨ ɱɢɫɥɟɧɧɵɯ ɦɟɬɨɞɨɜ ɩɨɢɫɤɚ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ. 
ȼ ɫɟɪɢɢ ɩɭɛɥɢɤɚɰɢɣ [55-59] ɦɟɬɨɞɨɦ ɱɚɫɬɢɱɧɵɯ ɨɛɥɚɫɬɟɣ ɫ ɧɟɤɨɬɨɪɵɦɢ 
ɦɨɞɢɮɢɤɚɰɢɹɦɢ ɫɨɫɬɚɜɥɹɸɬɫɹ ɢ ɪɟɲɚɸɬɫɹ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɭɪɚɜɧɟɧɢɹ ɞɥɹ 
ɤɪɭɝɥɵɯ ɜɨɥɧɨɜɨɞɨɜ ɫ ɪɟɡɢɫɬɢɜɧɵɦɢ (ɩɨɝɥɨɳɚɸɳɢɦɢ) ɷɥɟɦɟɧɬɚɦɢ ɜ ɫɬɪɭɤɬɭɪɟ. 
ȼ ɪɚɛɨɬɟ [60] ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɫɭɳɟɫɬɜɭɸɳɢɟ ɩɪɨɛɥɟɦɵ ɩɪɢɦɟɧɟɧɢɹ 
ɞɢɫɤɪɟɬɢɡɚɰɢɨɧɧɵɯ ɦɟɬɨɞɨɜ ɩɪɢ ɪɚɫɱɟɬɟ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɜɨɥɧɨɜɨɞɨɜ. 
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Ʉ ɧɟɞɨɫɬɚɬɤɚɦ ɢɫɩɨɥɶɡɭɟɦɵɯ ɦɟɬɨɞɨɜ ɫɥɟɞɭɟɬ ɨɬɧɟɫɬɢ ɧɟɜɨɡɦɨɠɧɨɫɬɶ 
ɫɬɪɨɝɨɝɨ ɭɱɟɬɚ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɪɟɚɥɶɧɵɯ ɩɪɨɜɨɞɧɢɤɨɜ. ȼ 
ɫɭɳɟɫɬɜɭɸɳɢɯ ɪɚɛɨɬɚɯ ɜ ɫɥɭɱɚɟ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɭɱɟɬɚ ɤɨɧɟɱɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ 
ɫɬɟɧɨɤ ɢɫɩɨɥɶɡɭɸɬɫɹ ɢɦɩɟɞɚɧɫɧɵɟ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ, ɩɨɥɭɱɚɟɦɵɟ ɢɡ 
ɩɪɢɛɥɢɠɟɧɧɵɯ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ Ʌɟɨɧɬɨɜɢɱɚ. Ɍɚɤɨɣ ɩɨɞɯɨɞ ɨɩɪɚɜɞɚɧ ɩɪɢ 
ɜɵɫɨɤɢɯ ɩɪɨɜɨɞɢɦɨɫɬɹɯ ɦɟɬɚɥɥɚ ɫɬɟɧɨɤ, ɨɞɧɚɤɨ, ɩɪɢ ɫɪɟɞɧɢɯ ɡɧɚɱɟɧɢɹɯ, 
ɯɚɪɚɤɬɟɪɧɵɯ, ɧɚɩɪɢɦɟɪ, ɞɥɹ ɝɪɚɮɢɬɚ ɢ ɩɨɯɨɠɢɯ ɦɚɬɟɪɢɚɥɨɜ, ɭɩɪɨɳɟɧɢɟ ɞɚɟɬ 
ɨɳɭɬɢɦɵɟ ɩɨɝɪɟɲɧɨɫɬɢ. Ɉɰɟɧɤɨɣ ɬɚɤɢɯ ɩɨɝɪɟɲɧɨɫɬɟɣ ɩɪɟɧɟɛɪɟɝɚɸɬ ɟɳɟ ɢ ɩɨ 
ɩɪɢɱɢɧɟ ɢɯ ɫɭɳɟɫɬɜɟɧɧɨɝɨ ɩɪɨɹɜɥɟɧɢɹ ɬɨɥɶɤɨ ɧɚ ɧɢɡɤɢɯ ɱɚɫɬɨɬɚɯ ɞɥɹ 
ɛɨɥɶɲɢɧɫɬɜɚ ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɬɟɯɧɢɤɟ ɋȼɑ ɩɪɨɜɨɞɧɢɤɨɜ. Ɍɚɤɨɟ ɩɪɟɧɟɛɪɟɠɟɧɢɟ 
ɨɩɪɚɜɞɚɧɨ ɜ ɫɥɭɱɚɟ ɚɧɚɥɢɡɚ ɫɬɪɭɤɬɭɪ, ɧɟ ɩɨɞɞɟɪɠɢɜɚɸɳɢɯ Ɍ ɢ ɤɜɚɡɢ-Ɍ ɜɨɥɧɵ, 
ɬ.ɤ. ɤɪɢɬɢɱɟɫɤɚɹ ɱɚɫɬɨɬɚ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ ɜɨɥɧɵ ɞɥɹ ɧɢɯ ɨɛɵɱɧɨ ɨɛɟɫɩɟɱɢɜɚɟɬ 
ɫɢɥɶɧɨɟ ɩɪɨɹɜɥɟɧɢɟ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɷɮɮɟɤɬɚ ɜ ɪɚɛɨɱɟɦ ɞɢɚɩɚɡɨɧɟ. Ɍɚɤɢɦ 
ɨɛɪɚɡɨɦ, ɞɥɹ ɫɭɳɟɫɬɜɭɸɳɢɯ ɩɪɢɛɥɢɠɟɧɧɵɯ ɦɟɬɨɞɨɜ ɨɝɪɚɧɢɱɟɧ ɤɪɭɝ ɪɟɲɚɟɦɵɯ 
ɢɦɢ ɡɚɞɚɱ. 
Ʉ ɧɟɞɨɫɬɚɬɤɚɦ ɫɭɳɟɫɬɜɭɸɳɢɯ ɦɟɬɨɞɨɜ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɢ ɢɯ 
ɫɭɳɟɫɬɜɟɧɧɭɸ ɤɨɧɫɨɥɢɞɚɰɢɸ ɧɚ ɨɩɪɟɞɟɥɟɧɧɨɦ ɜɢɞɟ ɫɬɪɭɤɬɭɪɵ. Ɍɚɤ, ɧɚɩɪɢɦɟɪ, 
ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɞɚɠɟ ɩɪɢ 
ɧɚɥɢɱɢɢ ɬɚɤɨɜɵɯ ɞɥɹ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ, ɢɯ ɧɟɨɛɯɨɞɢɦɨ ɜɵɜɨɞɢɬɶ ɡɚɧɨɜɨ. Ɍɨ 
ɟɫɬɶ ɢɫɩɨɥɶɡɭɟɦɵɟ ɚɥɝɨɪɢɬɦɵ ɹɜɥɹɸɬɫɹ ɚɛɫɨɥɸɬɧɨ ɧɟ ɭɧɢɜɟɪɫɚɥɶɧɵɦɢ ɩɨ 
ɨɬɧɨɲɟɧɢɸ ɤ ɝɪɚɧɢɱɧɵɦ ɭɫɥɨɜɢɹɦ ɧɚ ɜɧɭɬɪɟɧɧɢɯ ɢ ɜɧɟɲɧɢɯ ɩɨɜɟɪɯɧɨɫɬɹɯ 
ɢɫɫɥɟɞɭɟɦɵɯ ɫɬɪɭɤɬɭɪ, ɱɬɨ ɭɫɥɨɠɧɹɟɬ ɫɨɡɞɚɧɢɟ ɫɢɫɬɟɦ ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɧɧɨɝɨ 
ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ ɧɚ ɢɯ ɨɫɧɨɜɟ. 
ȼɫɟ ɷɬɨ ɝɨɜɨɪɢɬ ɨ ɫɨɡɞɚɧɢɢ ɭɧɢɜɟɪɫɚɥɶɧɨɝɨ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ 
ɦɟɬɨɞɚ ɚɧɚɥɢɡɚ ɦɧɨɝɨɫɥɨɣɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ ɤɚɤ ɨ ɜɚɠɧɨɣ ɡɚɞɚɱɟ, 
ɢɦɟɸɳɟɣ ɫɭɳɟɫɬɜɟɧɧɨɟ ɡɧɚɱɟɧɢɟ ɞɥɹ ɬɟɨɪɢɢ ɢ ɩɪɚɤɬɢɤɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɹ 
ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ. 
ɉɪɨɰɟɞɭɪɚ ɤɨɧɫɬɪɭɢɪɨɜɚɧɢɹ ɮɭɧɤɰɢɣ Ƚɪɢɧɚ ɦɧɨɝɨɫɥɨɣɧɵɯ 
ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɚɬɪɢɱɧɵɯ ɩɨɞɯɨɞɨɜ ɛɵɥɚ 
ɩɪɟɞɥɨɠɟɧɚ ɜ [61]. 
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Ɇɟɬɨɞɢɤɚ ɚɧɚɥɢɡɚ ɦɧɨɝɨɫɥɨɣɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ ɫ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɨɞɟɥɢ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɪɚɞɢɚɥɶɧɵɯ ɥɢɧɢɣ ɩɪɢɦɟɧɢɬɟɥɶɧɨ ɤ 
ɡɚɞɚɱɚɦ ɢɡɥɭɱɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ ɛɵɥɚ ɨɩɭɛɥɢɤɨɜɚɧɚ ɜ [62]. 
ɇɚɫɬɨɹɳɚɹ ɦɨɧɨɝɪɚɮɢɹ ɹɜɥɹɟɬɫɹ ɞɚɥɶɧɟɣɲɢɦ ɪɚɡɜɢɬɢɟɦ ɬɟɨɪɢɢ 
ɦɧɨɝɨɫɥɨɣɧɵɯ ɪɚɞɢɚɥɶɧɨ-ɧɟɨɞɧɨɪɨɞɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ 
ɩɪɢɦɟɧɢɬɟɥɶɧɨ ɤ ɜɨɥɧɨɜɨɞɧɵɦ ɡɚɞɚɱɚɦ. 
ɉɟɪɜɚɹ ɝɥɚɜɚ ɪɚɛɨɬɵ ɩɨɫɜɹɳɟɧɚ ɫɨɡɞɚɧɢɸ ɭɧɢɜɟɪɫɚɥɶɧɨɣ 
ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɞɥɹ ɚɧɚɥɢɡɚ ɪɟɝɭɥɹɪɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɪɚɞɢɚɥɶɧɨ 
ɤɭɫɨɱɧɨ-ɧɟɨɞɧɨɪɨɞɧɵɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ. Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɷɬɨɣ ɰɟɥɢ 
ɪɟɲɚɟɬɫɹ ɡɚɞɚɱɚ ɜɨɡɛɭɠɞɟɧɢɹ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɫ ɩɪɢɦɟɧɟɧɢɟɦ 
ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɪɚɡɥɨɠɟɧɢɹ ɜ ɢɧɬɟɝɪɚɥ-ɪɹɞ Ɏɭɪɶɟ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɩɨ 
ɧɟɩɪɟɪɵɜɧɨɦɭ ɫɩɟɤɬɪɭ ɩɪɨɞɨɥɶɧɵɯ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɢ ɞɢɫɤɪɟɬɧɨɦɭ ɫɩɟɤɬɪɭ 
ɚɡɢɦɭɬɚɥɶɧɵɯ ɢɧɞɟɤɫɨɜ ɤɚɤ ɩɪɨɞɨɥɶɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɧɚɩɪɹɠɟɧɧɨɫɬɟɣ 
ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɟɣ, ɬɚɤ ɢ ɫɨɫɬɚɜɥɹɸɳɢɯ ɜɨɡɛɭɠɞɚɸɳɟɝɨ ɬɨɤɚ. 
ɉɪɢ ɫɨɡɞɚɧɢɢ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɜɜɨɞɢɬɫɹ ɩɨɧɹɬɢɟ ɷɤɜɢɜɚɥɟɧɬɧɵɯ 
ɪɚɞɢɚɥɶɧɵɯ ȿ- ɢ ɇ-ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɫ ɧɚɩɪɚɜɥɟɧɧɵɦɢ ɦɨɞɚɥɶɧɵɦɢ 
ɧɚɩɪɹɠɟɧɢɹɦɢ ɢ ɬɨɤɚɦɢ ɜɧɭɬɪɢ ɧɢɯ. 
ȼɨ ɜɬɨɪɨɣ ɝɥɚɜɟ ɜɵɜɨɞɹɬɫɹ ɫɨɨɬɧɨɲɟɧɢɹ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɜɨɥɧɨɜɵɯ 
ɱɢɫɟɥ ɜ ɤɪɭɝɥɨɦ ɦɟɬɚɥɥɢɱɟɫɤɨɦ ɜɨɥɧɨɜɨɞɟ ɫ ɧɟɨɞɧɨɪɨɞɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ, 
ɨɩɢɫɵɜɚɟɬɫɹ ɫɨɫɬɚɜɥɟɧɧɚɹ ɩɪɨɝɪɚɦɦɚ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ 
ɜɨɥɧ ɤɪɭɝɥɨɝɨ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ ɪɚɞɢɚɥɶɧɨ-ɧɟɨɞɧɨɪɨɞɧɵɦ 
ɡɚɩɨɥɧɟɧɢɟɦ, ɩɪɢɜɨɞɹɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɩɨ ɜɵɜɟɞɟɧɧɵɦ ɫɨɨɬɧɨɲɟɧɢɹɦ 
ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɚɧɚɥɢɡɢɪɭɟɦɨɣ ɫɬɪɭɤɬɭɪɵ  ɢ ɢɯ ɫɪɚɜɧɟɧɢɟ ɫ ɢɡɜɟɫɬɧɵɦɢ ɱɚɫɬɧɵɦɢ ɫɥɭɱɚɹɦɢ,  
ȼ ɬɪɟɬɶɟɣ ɝɥɚɜɟ ɨɩɢɫɚɧɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ ɪɚɫɱɟɬɧɵɯ ɫɨɨɬɧɨɲɟɧɢɣ ɞɥɹ 
ɨɩɪɟɞɟɥɟɧɢɹ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɜ ɦɧɨɝɨɫɥɨɣɧɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ, ɜɤɥɸɱɚɹ Ɍ-
ɜɨɥɧɭ, ɩɪɟɞɫɬɚɜɥɟɧɚ ɪɚɡɪɚɛɨɬɚɧɧɚɹ ɩɪɨɝɪɚɦɦɚ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ 
ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ ɪɚɞɢɚɥɶɧɨ-ɧɟɨɞɧɨɪɨɞɧɵɦ 
ɡɚɩɨɥɧɟɧɢɟɦ, ɩɪɢɜɟɞɟɧ ɚɧɚɥɢɡ ɨɫɨɛɟɧɧɨɫɬɟɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɫɬɪɭɤɬɭɪ, ɩɨɞɞɟɪɠɢɜɚɸɳɢɯ Ɍ ɢ ɤɜɚɡɢ Ɍ-ɜɨɥɧɵ. ɉɪɨɢɡɜɟɞɟɧɚ ɨɰɟɧɤɚ 
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ɩɪɢɦɟɧɢɦɨɫɬɢ ɮɨɪɦɭɥ, ɨɫɧɨɜɚɧɧɵɯ ɧɚ ɢɦɩɟɞɚɧɫɧɵɯ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɹɯ, ɞɥɹ 
ɪɚɫɱɟɬɚ ɡɚɬɭɯɚɧɢɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɢ ɩɪɢɛɥɢɠɟɧɧɵɯ 
ɮɨɪɦɭɥ ɪɚɫɱɟɬɚ ɜɟɪɯɧɟɣ ɝɪɚɧɢɰɵ ɱɚɫɬɨɬɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɨɞɧɨɜɨɥɧɨɜɨɝɨ ɪɟɠɢɦɚ 
ɪɚɛɨɬɵ. 
ȼ ɱɟɬɜɟɪɬɨɣ ɝɥɚɜɟ ɩɪɢɜɟɞɟɧ ɚɧɚɥɢɡ ɨɬɤɪɵɬɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ 
ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɬɪɭɤɬɭɪ: ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ, ɨɩɬɨɜɨɥɨɤɨɧɧɨɣ ɥɢɧɢɢ, 
ɨɞɧɨɩɪɨɜɨɞɧɨɣ ɥɢɧɢɢ ɫ ɭɤɪɵɬɢɟɦ ɜ ɫɪɟɞɟ ɫ ɩɨɬɟɪɹɦɢ. ȼ ɤɚɱɟɫɬɜɟ 
ɨɞɧɨɩɪɨɜɨɞɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɢɫɫɥɟɞɨɜɚɧɚ ɬɪɭɛɚ ɦɚɝɢɫɬɪɚɥɶɧɨɝɨ 
ɧɟɮɬɟɩɪɨɜɨɞɚ ɜɨ ɜɥɚɠɧɨɣ ɢ ɫɭɯɨɣ ɩɨɱɜɟ. ɉɪɨɜɟɞɟɧɚ ɨɰɟɧɤɚ ɜɨɡɦɨɠɧɨɫɬɢ 
ɫɨɡɞɚɧɢɹ ɭɫɬɪɨɣɫɬɜ ɨɛɧɚɪɭɠɟɧɢɹ ɧɟɫɚɧɤɰɢɨɧɢɪɨɜɚɧɧɵɯ ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ 
ɜɛɥɢɡɢ ɬɪɭɛɨɩɪɨɜɨɞɚ (ɧɟɡɚɤɨɧɧɵɯ ɜɪɟɡɨɤ) ɧɚ ɨɫɧɨɜɟ ɪɚɞɢɨɥɨɤɚɰɢɨɧɧɵɯ 
ɦɟɬɨɞɨɜ. ɇɚ ɨɫɧɨɜɟ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɜɨɡɛɭɠɞɟɧɢɹ ɩɨɥɭɱɟɧɵ ɞɢɫɩɟɪɫɢɨɧɧɵɟ 
ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɦɢɤɪɨɩɨɥɨɫɤɨɜɨɣ ɥɢɧɢɢ ɧɚ ɰɢɥɢɧɞɪɟ ɢ ɞɥɹ ɳɟɥɟɜɨɣ ɥɢɧɢɢ ɧɚ 
ɨɫɧɨɜɟ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ. ɍɤɚɡɚɧɵ ɨɫɨɛɟɧɧɨɫɬɢ ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜ ɧɢɯ 
ɜɨɥɧ.  
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ȽɅȺȼȺ 1 ɗɅȿɄɌɊɈȾɂɇȺɆɂɑȿɋɄȺə ɆɈȾȿɅɖ ɐɂɅɂɇȾɊɂɑȿɋɄɈɃ 
ɊȺȾɂȺɅɖɇɈ ɇȿɈȾɇɈɊɈȾɇɈɃ ɇȺɉɊȺȼɅəɘɓȿɃ ɋɌɊɍɄɌɍɊɕ 
ɐɟɥɶɸ ɞɚɧɧɨɣ ɝɥɚɜɵ ɹɜɥɹɟɬɫɹ ɫɨɡɞɚɧɢɟ ɭɧɢɜɟɪɫɚɥɶɧɨɣ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ 
ɦɨɞɟɥɢ ɞɥɹ ɚɧɚɥɢɡɚ ɪɟɝɭɥɹɪɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɪɚɞɢɚɥɶɧɨ ɤɭɫɨɱɧɨ-
ɧɟɨɞɧɨɪɨɞɧɵɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ. Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɷɬɨɣ ɰɟɥɢ ɪɟɲɚɟɬɫɹ 
ɡɚɞɚɱɚ ɜɨɡɛɭɠɞɟɧɢɹ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɫɩɟɤɬɪɚɥɶɧɨɝɨ 
ɪɚɡɥɨɠɟɧɢɹ ɜ ɢɧɬɟɝɪɚɥ-ɪɹɞ Ɏɭɪɶɟ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɩɨ ɧɟɩɪɟɪɵɜɧɨɦɭ ɫɩɟɤɬɪɭ 
ɩɪɨɞɨɥɶɧɵɯ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɢ ɞɢɫɤɪɟɬɧɨɦɭ ɫɩɟɤɬɪɭ ɚɡɢɦɭɬɚɥɶɧɵɯ ɢɧɞɟɤɫɨɜ 
ɤɚɤ ɩɪɨɞɨɥɶɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɧɚɩɪɹɠɟɧɧɨɫɬɟɣ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ ɦɚɝɧɢɬɧɨɝɨ 
ɩɨɥɟɣ, ɬɚɤ ɢ ɫɨɫɬɚɜɥɹɸɳɢɯ ɜɨɡɛɭɠɞɚɸɳɟɝɨ ɬɨɤɚ. ɉɪɢ ɫɨɡɞɚɧɢɢ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɜɜɨɞɢɬɫɹ ɩɨɧɹɬɢɟ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɪɚɞɢɚɥɶɧɵɯ ȿ- 
ɢ ɇ-ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɫ ɧɚɩɪɚɜɥɟɧɧɵɦɢ ɦɨɞɚɥɶɧɵɦɢ ɧɚɩɪɹɠɟɧɢɹɦɢ ɢ ɬɨɤɚɦɢ 
ɜɧɭɬɪɢ ɧɢɯ. Ɍɚɤɚɹ ɦɨɞɟɥɶ ɩɨɡɜɨɥɹɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɭɪɚɜɧɟɧɢɹ ɩɨɩɟɪɟɱɧɨɝɨ 
ɪɟɡɨɧɚɧɫɚ ɜ ɤɚɱɟɫɬɜɟ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɞɥɹ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɧɚɩɪɚɜɥɹɸɳɟɣ ɫɬɪɭɤɬɭɪɵ ɜ ɨɬɥɢɱɢɟ ɨɬ ɩɨɜɫɟɦɟɫɬɧɨ ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɫɩɨɫɨɛɚ 
ɩɨɥɭɱɟɧɢɹ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɩɪɢ ɧɚɥɨɠɟɧɢɢ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɧɚ 
ɝɪɚɧɢɰɚɯ ɪɚɡɞɟɥɚ ɫɥɨɟɜ ɞɢɷɥɟɤɬɪɢɤɨɜ ɧɚ ɨɛɳɟɟ ɪɟɲɟɧɢɟ ɜɨɥɧɨɜɵɯ ɭɪɚɜɧɟɧɢɣ. 
ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɪɚɡɪɚɛɚɬɵɜɚɟɦɨɣ ɦɨɞɟɥɢ ɩɨɡɜɨɥɹɟɬ ɚɧɚɥɢɡɢɪɨɜɚɬɶ ɨɫɧɨɜɧɵɟ 
ɬɢɩɵ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ ɫ ɧɟɡɧɚɱɢɬɟɥɶɧɵɦɢ 
ɦɨɞɢɮɢɤɚɰɢɹɦɢ ɜ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɩɪɢ ɩɟɪɟɯɨɞɟ ɨɬ ɨɞɧɨɣ ɫɢɫɬɟɦɵ ɤ 
ɞɪɭɝɨɣ. 
1.1 Ɉɛɳɟɟ ɪɟɲɟɧɢɟ ɡɚɞɚɱɢ ɜɨɡɛɭɠɞɟɧɢɹ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ 
Ⱦɥɹ ɨɩɢɫɚɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ ɜ ɫɩɥɨɲɧɵɯ ɫɪɟɞɚɯ ɧɚ 
ɦɚɤɪɨɫɤɨɩɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɭɪɚɜɧɟɧɢɹ Ɇɚɤɫɜɟɥɥɚ. ȼ 
ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɮɨɪɦɟ ɞɥɹ ɦɨɧɨɯɪɨɦɚɬɢɱɟɫɤɨɝɨ ɩɨɥɹ ɨɧɢ ɡɚɩɢɫɵɜɚɸɬɫɹ 
ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ:  
ɗ ɗ ɫɬ
Ɇ Ɇ ɫɬ
rot ,
rot ,
a
a
H j E E J
E j H H J
­
= ωε + σ +°®° = − ωμ − σ −¯
G G G G   
G G G G     (1.1)
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ɗ
Ɇ
div ,
div ,
a
a
E
H
­ ε = ρ°®° μ = ρ¯
G 
G 
 (1.2)
ɝɞɟ ,E HG G   − ɤɨɦɩɥɟɤɫɧɵɟ ɚɦɩɥɢɬɭɞɵ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ 
ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɟɣ; aε − ɤɨɦɩɥɟɤɫɧɚɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɫɪɟɞɵ; 
aμ − ɤɨɦɩɥɟɤɫɧɚɹ ɦɚɝɧɢɬɧɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɫɪɟɞɵ; ɗ ɫɬJ
G
, 
Ɇ ɫɬJ
G
 − ɤɨɦɩɥɟɤɫɧɵɟ 
ɚɦɩɥɢɬɭɞɵ ɩɥɨɬɧɨɫɬɢ ɫɬɨɪɨɧɧɢɯ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ ɦɚɝɧɢɬɧɨɝɨ ɬɨɤɨɜ; ɗρ , Ɇρ  − 
ɨɛɴɟɦɧɵɟ ɩɥɨɬɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ ɦɚɝɧɢɬɧɨɝɨ ɡɚɪɹɞɨɜ. 
ȼɡɚɢɦɧɵɟ ɩɨɞɫɬɚɧɨɜɤɢ ɜ ɭɪɚɜɧɟɧɢɹ (1.1) ɢ (1.2) ɩɨɡɜɨɥɹɸɬ ɩɨɥɭɱɢɬɶ 
ɧɟɡɚɜɢɫɢɦɵɟ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ 
ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɟɣ 
2 ɗ
2 Ɇ
,
,
E k E M
H k H M
­Δ + = −°®°Δ + = −¯
G G G  
G G G    (1.3)
ɝɞɟ 
ɗ ɗ ɫɬ ɗ ɫɬ Ɇ ɫɬ
Ɇ Ɇ ɫɬ Ɇ ɫɬ ɗ ɫɬ
1 grad div rot ,
1 grad div +rot .
a
a
a
a
M j J J Jj
M j J J Jj
­
′= − ωμ + −°
′ωε°®° ′= − ωε +° ′ωμ¯
G G G G   
G G G G     (1.4)
Ɂɚɱɚɫɬɭɸ ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɥɟɞɭɸɳɟɟ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɭɪɚɜɧɟɧɢɣ (1.3) ɱɟɪɟɡ 
ɜɟɤɬɨɪɧɵɟ ɩɨɬɟɧɰɢɚɥɵ ɗ AG ɢ Ɇ AG : 
ɗ ɗ Ɇ
Ɇ Ɇ ɗ
1 grad div rot ,
1 grad div + rot .
a
a
a
a
E j A A Aj
H j A A Aj
­
′= − ωμ + −°
′ωε°®° ′= − ωε +° ′ωμ¯
G G GG   
G G GG     (1.5)
ɉɪɢ ɷɬɨɦ ɜɟɤɬɨɪɧɵɟ ɩɨɬɟɧɰɢɚɥɵ ɹɜɥɹɸɬɫɹ ɪɟɲɟɧɢɟɦ ɭɪɚɜɧɟɧɢɣ Ƚɟɥɶɦɝɨɥɶɰɚ: 
ɗ 2 ɗ ɗ ɫɬ
Ɇ 2 Ɇ Ɇ ɫɬ
,
.
A k A J
A k A J
­Δ + = −°®°Δ + = −¯
G G G  
G G G    (1.6)
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ɉɪɢ ɪɟɲɟɧɢɢ ɡɚɞɚɱ ɜ ɧɟɨɞɧɨɪɨɞɧɵɯ ɫɪɟɞɚɯ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɜɟɤɬɨɪɧɵɯ 
ɩɨɬɟɧɰɢɚɥɨɜ ɧɟ ɞɚɟɬ ɨɳɭɬɢɦɨɣ ɜɵɝɨɞɵ. ɉɪɢ ɪɟɲɟɧɢɢ ɡɚɞɚɱ ɞɢɮɪɚɤɰɢɢ, ɤɚɤ 
ɩɪɚɜɢɥɨ, ɜɦɟɫɬɨ ɜɟɤɬɨɪɧɵɯ ɩɨɬɟɧɰɢɚɥɨɜ ɢɫɩɨɥɶɡɭɸɬɫɹ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɢ 
ɦɚɝɧɢɬɧɵɣ ɜɟɤɬɨɪɵ Ƚɟɪɰɚ.  
Ɋɟɲɟɧɢɟ ɭɪɚɜɧɟɧɢɹ (1.3) ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɢɫɢɬ ɨɬ ɜɵɛɪɚɧɧɨɣ ɫɢɫɬɟɦɵ 
ɤɨɨɪɞɢɧɚɬ. Ɋɟɲɟɧɢɟ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ 
ɜɢɞɟ ɤɨɦɛɢɧɚɰɢɢ ɞɜɭɯ ɪɟɲɟɧɢɣ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɷɥɟɤɬɪɢɱɟɫɤɢɦ ɢ ɦɚɝɧɢɬɧɵɦ 
(ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ȿ ɢ ɇ) ɜɨɥɧɚɦ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ z. Ɍɨɝɞɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 
ɩɪɨɞɨɥɶɧɵɟ ɤɨɦɩɨɧɟɧɬɵ ɧɚɩɪɹɠɟɧɧɨɫɬɟɣ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɟɣ 
zE  ɢ zH  ɛɭɞɭɬ ɨɩɪɟɞɟɥɹɬɶɫɹ ɢɡ ɪɟɲɟɧɢɣ ɭɪɚɜɧɟɧɢɣ Ƚɟɥɶɦɝɨɥɶɰɚ (1.3) ɜ 
ɫɥɟɞɭɸɳɟɣ ɮɨɪɦɟ: 
2 2
2 ɗ
2 2 2
1 1z z z
z z
E E E
r k E M
r r r r z
§ ·∂ ∂ ∂ ∂
+ + + = −¨ ¸∂ ∂ ∂ϕ ∂© ¹
    
, (1.7)
2 2
2 Ɇ
2 2 2
1 1z z z
z z
H H H
r k H M
r r r r z
§ ·∂ ∂ ∂ ∂
+ + + = −¨ ¸∂ ∂ ∂ϕ ∂© ¹
    
, (1.8)
ɝɞɟ 
ɗ ɗ  ɫɬ ɗ ɫɬ Ɇ ɫɬ1 grad div rotz a z z z
a
M j J J Jj= − ωμ + −ωε
G G  
, (1.9)
Ɇ Ɇ ɫɬ Ɇ ɫɬ ɗ ɫɬ1 grad div +rotz a z z z
a
M j J J Jj= − ωε + ωμ
G G  
. (1.10)
ȼ (1.9), (1.10) ɜɟɥɢɱɢɧɵ grad div , rot,J J Jz z z
G G 
 – ɩɪɨɟɤɰɢɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ 
ɜɟɤɬɨɪɨɜ ɧɚ ɨɫɶ z. ɉɪɨɞɨɥɶɧɵɟ ɤɨɦɩɨɧɟɧɬɵ ɩɨɥɹ ( ), ,zE r z ϕ  ɢ ( ), ,zH r z ϕ  ɦɨɝɭɬ 
ɛɵɬɶ ɪɚɡɥɨɠɟɧɵ ɜ ɢɧɬɟɝɪɚɥ-ɪɹɞ Ɏɭɪɶɟ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɨɛɥɚɫɬɢ πϕ 20 ≤≤ , 
∞<<∞− z : 
( )1
2
jm jh z
z zmh
m
E e E r e dh
∞∞
− ϕ −
=−∞
−∞
=
π
¦ ³  , (1.11)
( )1
2
jm jh z
z zmh
m
H e H r e dh
∞∞
− ϕ −
=−∞
−∞
=
π
¦ ³  . (1.12)
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ɉɨɫɥɟ ɩɨɞɫɬɚɧɨɜɤɢ (1.11)-(1.12) ɜ (1.7)-(1.8) ɢ ɧɟɤɨɬɨɪɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ 
ɩɨɥɭɱɚɬɫɹ ɫɥɟɞɭɸɳɢɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɭɪɚɜɧɟɧɢɹ 
İN+1, ȝN+1
İN, ȝN
İi, ȝi
İ1, ȝ1
rN+1
rN
ri
r1
 
Ɋɢɫ. 1.1 ɉɨɩɟɪɟɱɧɨɟ ɫɟɱɟɧɢɟ ɪɚɞɢɚɥɶɧɨ ɧɟɨɞɧɨɪɨɞɧɨɣ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ 
ɫɬɪɭɤɬɭɪɵ 
( ) ( ) ( )
2
2 2 ɗ
2
1 2 'zmh zmh zmh
dE rd m
r k h E r M r
r dr dr r
§ · § ·
+ − − = − π¨ ¸ ¨ ¸© ¹© ¹
  
, (1.13)
( ) ( ) ( )
2
2 2 Ɇ
2
1 2 'zmh zmh zmh
dH rd m
r k h H r M r
r dr dr r
§ · § ·
+ − − = − π¨ ¸ ¨ ¸© ¹© ¹
  
, (1.14)
ɝɞɟ ɫɩɟɤɬɪɚɥɶɧɨɟ ɪɚɡɥɨɠɟɧɢɟ ɬɨɤɨɜɵɯ ɮɭɧɤɰɢɣ ɨɩɪɟɞɟɥɹɟɬɫɹ ɢɡ ɜɵɪɚɠɟɧɢɣ 
( ) ( )
2
ɗ ɗ ' '
0
1
' ', ', ' ' '
2
jm jhz
zmh zM r M r z e e d dz
∞ π
− ϕ −
−∞
= ϕ ϕ
π ³ ³  , (1.15)
( ) ( )
2
Ɇ Ɇ ' '
0
1
' ', ', ' ' '
2
jm jhz
zmh zM r M r z e e d dz
∞ π
− ϕ −
−∞
= ϕ ϕ
π ³ ³  . (1.16)
ȿɫɥɢ ɬɨɤ, ɜɨɡɛɭɠɞɚɸɳɢɣ ɪɚɫɫɦɚɬɪɢɜɚɟɦɭɸ ɰɢɥɢɧɞɪɢɱɟɫɤɭɸ ɫɬɪɭɤɬɭɪɭ, 
ɡɚɞɚɧ ɢ ɦɨɠɟɬ ɛɵɬɶ ɪɚɡɥɨɠɟɧ ɜ ɢɧɬɟɝɪɚɥ-ɪɹɞ Ɏɭɪɶɟ 
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( ) ( )' '1', ', ' '
2
jm jh z
i imh
m
J r z e J r e dh
∞∞
− ϕ −
=−∞
−∞
ϕ =
π
¦ ³  , (1.17)
ɬɨ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɬɨɤɨɜɵɯ ɮɭɧɤɰɢɣ ɫ ɭɱɟɬɨɦ  
( )2 2 2
2
1 1grad div r z zzz
rJ J JJ
r z r r z z
ϕ∂ ∂ ∂
= + +
∂ ∂ ∂ ∂ϕ ∂
  G
, (1.18)
( )1 1
rot rzz
rJ JJ
r r r
ϕ∂ ∂
= −
∂ ∂ϕ
 G
 
(1.19)
ɦɨɝɭɬ ɛɵɬɶ ɡɚɩɢɫɚɧɵ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
( ) ( ) ( ) ( )
( )( ) ( )( )
2 2
ɗ ɗ ɗ Ɇ
ɗ Ɇ
' ' ' '
'
1 1
' ' ' ' ,
' ' ' '
zmh zmh mh rmh
a a
rmh mh
a
k h jm hM r J r J r J rj r
h d d
r J r r J r
r dr r dr
ϕ
ϕ
§ ·
−
= + − −¨ ¸
ωε ωε© ¹
ª º
− +« »ωε¬ ¼
   
 
 (1.20)
( ) ( ) ( ) ( )
( )( ) ( )( )
2 2
Ɇ Ɇ Ɇ ɗ
Ɇ ɗ
' ' ' '
'
1 1
' ' ' ' ,
' ' ' '
zmh zmh mh rmh
a a
rmh mh
a
k h jm hM r J r J r J rj r
h d d
r J r r J r
r dr r dr
ϕ
ϕ
§ ·
−
= + − −¨ ¸
ωμ ωμ© ¹
ª º
− +« »ωμ¬ ¼
   
 
 (1.21)
ɝɞɟ 
( ) ( )
2
' '
0
1
' ', ', ' ' '
2
jm jhz
imh iJ r J r z e e d dz
∞ π
− ϕ −
−∞
= ϕ ϕ
π ³ ³   (1.22)
– ɤɨɦɩɨɧɟɧɬɵ ɬɨɤɚ.  
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɨɩɪɟɞɟɥɢɬɶ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɩɨɥɹ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ 
ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɟ (ɪɢɫ.1.1), ɞɨɫɬɚɬɨɱɧɨ ɪɟɲɢɬɶ ɧɟɨɞɧɨɪɨɞɧɵɟ 
ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɭɪɚɜɧɟɧɢɹ (1.13) − (1.14), ɹɜɥɹɸɳɢɟɫɹ ɧɟɨɞɧɨɪɨɞɧɵɦɢ 
ɭɪɚɜɧɟɧɢɹɦɢ Ȼɟɫɫɟɥɹ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ, ɫ ɩɪɚɜɨɣ ɱɚɫɬɶɸ ɜ ɜɢɞɟ (1.20) − (1.21) c 
ɭɱɟɬɨɦ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɧɚ ɝɪɚɧɢɰɚɯ ɪɚɡɞɟɥɚ ɜɫɟɯ ɫɥɨɟɜ. 
1.2 Ɇɟɬɨɞ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɥɢɧɢɣ ɞɥɹ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ 
ɂɫɩɨɥɶɡɭɹ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɜɢɞɟ ɫɭɩɟɪɩɨɡɢɰɢɢ 
ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɦɚɝɧɢɬɧɵɯ ɜɨɥɧ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ z, ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ 
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Ɇɚɤɫɜɟɥɥɚ ɫ ɭɱɟɬɨɦ  ɜɨɡɦɨɠɧɨɫɬɢ ɪɚɡɥɨɠɟɧɢɹ ɜɫɟɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɜ ɢɧɬɟɝɪɚɥ-
ɪɹɞ Ɏɭɪɶɟ ɞɥɹ ɜɨɥɧ ɬɢɩɚ ȿ ( Ɇɫɬ0, 0, 0z z zE H J≠ = =   ) ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ 
( )
ɗ ɫɬ
 
ɗ ɫɬ
 
ɗ ɫɬ
Ɇ ɫɬ
Ɇ ɫɬ
,
,
1
,
,
,
1
e e
mh a rmh rmh
e e
rmh a mh mh
e e e
mh rmh a zmh zmh
e e e
zmh mh a rmh rmh
e
e ezmh
rmh a mh mh
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 (1.23)
ɢɡ ɱɟɝɨ ɫɥɟɞɭɟɬ 
ɗ ɫɬ Ɇ ɫɬ
 2 2 2
e e a
mh zmh mh rmh
m h hE E j J j J
r
ϕ ϕ
ωμ
= − + −
γ γ γ
   
, (1.24)
2
ɗ ɫɬ Ɇ ɫɬ ɗ ɫɬ
2 2 2
1ee zmh
rmh rmh mh rmh
aa
h E h hE j j J j J J
r jϕ
∂
= − + + −
∂ ωεγ ωε γ γ
   
, (1.25)
ɗ ɫɬ Ɇ ɫɬ
 2 2 2
e
e a zmh a
mh rmh mh
E hH j j J j J
r
ϕ ϕ
ωε ∂ ωε
= − + +
∂γ γ γ
  
, (1.26)
( ) ( )
2
ɗ ɫɬ ɗ ɫɬ Ɇ ɫɬ
 z  r  2 2
1
1 1
,
e
e e zmh
rmh a zmh
a
mh mh mh
r EH E r
m r rm
r hj J j rJ rJ
m r r r r
ϕ
ª º§ ·∂ ∂
= ωε + −« »¨ ¸∂ ∂γ« »© ¹¬ ¼
ª º∂ ωε ∂
− − −« »∂ ∂γ γ¬ ¼
 
  
 (1.27)
ɝɞɟ  
2 2 2k hγ = − , (1.28)
γ  – ɩɨɩɟɪɟɱɧɨɟ ɜɨɥɧɨɜɨɟ ɱɢɫɥɨ. 
ɉɨɞɫɬɚɧɨɜɤɚ ermhE  ɢɡ ɲɟɫɬɨɝɨ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (1.23) ɜ ɩɹɬɨɟ ɫ ɭɱɟɬɨɦ 
(1.24) ɢ (1.26) ɩɨɡɜɨɥɹɟɬ ɡɚɩɢɫɚɬɶ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɜɭɯ 
ɧɟɢɡɜɟɫɬɧɵɯ 
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( ) ( )
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ɗ ɫɬ Ɇ ɫɬ0 0
0   2
00
22
2 2 ɗ ɫɬ ɗ ɫɬ0 0
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0
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 2
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,
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e e
zmh mh rmh mh
e e
mh zmh mh mh
rmh
d Z hZE j k rH J J
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d k m mhkk rH j r k h E k rJ J
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ϕ ϕ
ϕ ϕ
­ γ
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   

 (1.29)
ɗɬɭ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ ɦɨɠɧɨ ɫɨɩɨɫɬɚɜɢɬɶ ɫ ɫɢɫɬɟɦɨɣ ɬɟɥɟɝɪɚɮɧɵɯ ɭɪɚɜɧɟɧɢɣ 
ɫɬ
ɫɬ
,
,
E
E E E
E
E E E
d V jZ I
dr
d I jY V i
dr
­
− = χ + ν°°®°
− = χ +°¯
 (1.30)
ɝɞɟ ɷɤɜɢɜɚɥɟɧɬɧɵɟ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɢ ɫɜɹɡɚɧɵ ɫɨ ɫɩɟɤɬɪɚɥɶɧɵɦɢ 
ɫɨɫɬɚɜɥɹɸɳɢɦɢ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨɥɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
e
E zmhV E=  , (1.31)
0
e
E mhI k rHϕ= −  . (1.32)
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɚɠɞɨɟ ɢɡ ɞɜɭɯ ɧɟɨɞɧɨɪɨɞɧɵɯ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ 
ɭɪɚɜɧɟɧɢɣ Ȼɟɫɫɟɥɹ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ (1.13)-(1.14) ɦɨɠɧɨ ɡɚɦɟɧɢɬɶ ɫɢɫɬɟɦɨɣ ɢɡ 
ɞɜɭɯ ɬɟɥɟɝɪɚɮɧɵɯ ɭɪɚɜɧɟɧɢɣ ɩɟɪɜɨɝɨ ɩɨɪɹɞɤɚ (1.30), ɨɩɢɫɵɜɚɸɳɢɯ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɜɨɥɧ ɬɨɤɚ ɢ ɧɚɩɪɹɠɟɧɢɹ ɜ ɞɜɭɯ ɧɟɡɚɜɢɫɢɦɵɯ ɥɢɧɢɹɯ, 
ɜɨɡɛɭɠɞɚɟɦɵɯ ɷɤɜɢɜɚɥɟɧɬɧɵɦɢ ɢɫɬɨɱɧɢɤɚɦɢ ɬɨɤɚ ɢ ɧɚɩɪɹɠɟɧɢɹ. ȼ [63] 
ɪɚɫɫɦɨɬɪɟɧɨ ɪɟɲɟɧɢɟ ɚɧɚɥɨɝɢɱɧɨɣ ɡɚɞɚɱɢ ɞɥɹ ɩɥɨɫɤɨɣ ɢ ɫɮɟɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪ. 
ɇɢɠɟ ɩɨɤɚɡɚɧ ɩɭɬɶ ɪɟɲɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɨɣ ɡɚɞɚɱɢ ɞɥɹ ɦɧɨɝɨɫɥɨɣɧɨɝɨ ɤɪɭɝɨɜɨɝɨ 
ɰɢɥɢɧɞɪɚ (ɪɢɫ. 1.1). 
ɋɪɚɜɧɢɜɚɹ ɦɟɠɞɭ ɫɨɛɨɣ (1.30) ɢ (1.29), ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜɵɪɚɠɟɧɢɟ ɞɥɹ 
ɩɨɫɬɨɹɧɧɨɣ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɪɚɞɢɚɥɶɧɨɣ ɥɢɧɢɢ 
2
2 2 2 mk h
r
§ ·χ = − − ¨ ¸© ¹ , (1.33)
ɢ ɜɨɥɧɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ȿ-ɥɢɧɢɢ 
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2
0
2 2
0 2 2
E
ZZ
k r mk h
r
γ
=
ε § ·
− − ¨ ¸© ¹
, 
(1.34)
ɫɜɹɡɵɜɚɸɳɟɟ ɦɟɠɞɭ ɫɨɛɨɣ ɧɚɩɪɹɠɟɧɢɟ EV  ɢ ɬɨɤ EI  ɜ ɩɪɨɢɡɜɨɥɶɧɨɦ ɫɟɱɟɧɢɢ. 
ɗɤɜɢɜɚɥɟɧɬɧɵɟ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɢ ɢɫɬɨɱɧɢɤɨɜ ɢɦɟɸɬ ɜɢɞ 
ɗ ɫɬ Ɇ ɫɬ0
ɫɬ   
0
E
rmh mh
hZ J J
k ϕ
ν = −
ε
 
, (1.35)
2
ɗ ɫɬ ɗ ɫɬ Ɇ ɫɬ0 0
ɫɬ 0  z   2 2
0
E
mh mh rmh
mhk k mi k rJ J J
Zϕ
ε
= − +
γ γ
  
. (1.36)
ɉɨɞɫɬɚɧɨɜɤɚ EI  ɢɡ ɩɟɪɜɨɝɨ ɭɪɚɜɧɟɧɢɹ (1.30) ɜɨ ɜɬɨɪɨɟ ɩɨɡɜɨɥɹɟɬ 
ɩɨɥɭɱɢɬɶ ɧɟɨɞɧɨɪɨɞɧɨɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɭɪɚɜɧɟɧɢɟ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ 
ɨɬɧɨɫɢɬɟɥɶɧɨ EV  
( )
( ) ( )
2
2 0
ɫɬ ɫɬ2
0
2
ɗ ɫɬ ɗ ɫɬ Ɇ ɫɬ ɗ ɫɬ Ɇ ɫɬ
 z     
1 1
1
,
E EE
E
mh mh rmh rmh mh
a a a
d dV Z d
r V j i r
r dr dr r drk r
mh m h d dj J j J j J rJ rJ
r r r dr r drϕ ϕ
γª º ª º+ χ = − ν =« » ¬ ¼ε¬ ¼
γ
= − + + +
ωε ωε ωε
    
 (1.37)
ɝɞɟ 
2
2 2
.
mk h
r
§ ·χ = − − ¨ ¸© ¹  
(1.38)
Ⱥɧɚɥɨɝɢɱɧɨ ɞɥɹ ɜɨɥɧ ɬɢɩɚ H ( ɗɫɬ0, 0, 0z z zH E J≠ = = ) ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ 
ɫɥɟɞɭɸɳɢɟ ɫɨɨɬɧɨɲɟɧɢɹ 
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 (1.39)
ɂɡ ɷɬɨɣ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ ɚɧɚɥɨɝɢɱɧɨ ɩɨɥɭɱɚɸɬɫɹ ɜɵɪɚɠɟɧɢɹ ɞɥɹ 
ɩɨɩɟɪɟɱɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨɥɹ hzmhH , hmhEϕ  ɢ ɫɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ 
( )
( )
22 2
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0  2 2
Ɇ ɫɬ Ɇ ɫɬ0
 0  z2
2
Ɇ ɫɬ ɗ ɫɬ
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.
h h
mh zmh rmh
mh mh
h h
zmh mh rmh mh
d Z k m k mZk rE j r k h H J
dr r
k mh J k rJ
d hH j k rE J J
dr rk Z k Z
ϕ
ϕ
ϕ ϕ
­ ª ºμ μ§ ·
− = − − − −° « »¨ ¸γ γ© ¹° « »¬ ¼°°
− +® γ°° γ°− = − −
μ μ°¯
  
 
   
 (1.40)
ȿɫɥɢ ɜɨɫɩɨɥɶɡɨɜɚɬɶɫɹ ɫɨɨɬɧɨɲɟɧɢɹɦɢ ɞɥɹ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ 
ɜ ɇ-ɥɢɧɢɢ, ɚ ɬɚɤɠɟ ɫɩɟɤɬɪɚɥɶɧɵɦɢ ɤɨɦɩɨɧɟɧɬɚɦɢ ɩɨɥɹ 
0 ,
h
H mhV k rEϕ=   (1.41)
,
h
H zmhI H=   (1.42)
ɬɨ ɩɨɥɭɱɚɟɬɫɹ ɚɧɚɥɨɝɢɱɧɚɹ (1.30) ɫɢɫɬɟɦɚ ɬɟɥɟɝɪɚɮɧɵɯ ɭɪɚɜɧɟɧɢɣ 
ɫɬ
ɫɬ
,
,
HH
H H
HH
H H
dV j Z I v
dr
dI j Y V i
dr
­
− = χ +°°®°
− = χ +°¯
 (1.43)
ɜ ɤɨɬɨɪɨɣ ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
2
2 2 mk h
r
§ ·χ = − − ¨ ¸© ¹  
ɬɚɤɚɹ ɠɟ, ɤɚɤ ɢ (1.33) ɞɥɹ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ȿ-ɥɢɧɢɢ. 
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ȼɨɥɧɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɇ-ɥɢɧɢɢ  
22
2 20 0
2H
k Z r mZ k h
r
μ § ·
= − − ¨ ¸γ © ¹  (1.44)
ɫɜɹɡɵɜɚɟɬ ɦɟɠɞɭ ɫɨɛɨɣ ɧɚɩɪɹɠɟɧɢɟ ɢ ɬɨɤ ɜ ɥɢɧɢɢ 
.
H
H
H
VZ
I
=  (1.45)
ɋɬɨɪɨɧɧɢɟ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɢ ɜ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɥɢɧɢɹɯ ɫɜɹɡɚɧɵ ɫ 
ɜɨɡɛɭɠɞɚɸɳɢɦɢ ɫɬɨɪɨɧɧɢɦɢ ɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɢ ɦɚɝɧɢɬɧɵɦɢ ɬɨɤɚɦɢ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɣ ɡɚɞɚɱɢ ɫɨɨɬɧɨɲɟɧɢɹɦɢ 
Ɇ ɫɬ Ɇ ɫɬ 2 ɗ ɫɬ0
ɫɬ 0  z  0 0  2 2 ,
H
mh mh rmh
mhk m
v rk J J k Z Jϕ= − − μγ γ
  
 (1.46)
Ɇ ɫɬ ɗ ɫɬ
ɫɬ   
0 0
.
H
rmh mh
hi J J
k Z ϕ
= − +
μ
 
 (1.47)
ɉɨɞɫɬɚɧɨɜɤɚ HV  ɢɡ ɜɬɨɪɨɝɨ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (1.43) ɜ ɩɟɪɜɨɟ ɩɨɡɜɨɥɹɟɬ 
ɩɨɥɭɱɢɬɶ ɧɟɨɞɧɨɪɨɞɧɨɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɭɪɚɜɧɟɧɢɟ ɞɥɹ ɷɤɜɢɜɚɥɟɧɬɧɨɝɨ ɬɨɤɚ 
ɜ ɇ-ɥɢɧɢɢ.  
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( ) ( )
2
2
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2
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1
.
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mh mh rmh rmh mh
a a a
d dI d
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r dr dr rZ r dr
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r r r dr r drϕ ϕ
γª º ª º+ χ = ν − =« » ¬ ¼μ¬ ¼
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ωμ ωμ ωμ

    
  
 (1.48)
ɉɨɥɭɱɟɧɧɵɟ ɭɪɚɜɧɟɧɢɹ (1.37), (1.48) ɢ (1.13), (1.14) ɹɜɥɹɸɬɫɹ 
ɷɤɜɢɜɚɥɟɧɬɧɵɦɢ ɢ ɩɨɡɜɨɥɹɸɬ ɨɩɪɟɞɟɥɢɬɶ ɤɨɦɩɨɧɟɧɬɵ ɩɨɥɹ ɜ ɨɞɧɨɪɨɞɧɨɦ ɫɥɨɟ. 
Ɇɨɞɚɥɶɧɵɟ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɢ ɜ ɞɚɥɶɧɟɣɲɟɦ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɚɧɚɥɢɡɚ 
ɦɧɨɝɨɫɥɨɣɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ. ɉɨɞɨɛɧɵɣ ɩɨɞɯɨɞ ɩɪɟɞɥɨɠɟɧ ɜ [7]. 
1.3 ɋɤɚɥɹɪɧɚɹ ɮɭɧɤɰɢɹ Ƚɪɢɧɚ ɭɪɚɜɧɟɧɢɹ Ȼɟɫɫɟɥɹ ɞɥɹ ȿ- ɢ ɇ-ɜɨɥɧ 
ɇɚ ɩɟɪɜɨɦ ɷɬɚɩɟ ɩɪɟɞɥɚɝɚɟɬɫɹ ɪɚɫɫɦɨɬɪɟɬɶ ɪɟɲɟɧɢɟ ɡɚɞɚɱɢ ɞɥɹ 
ɨɞɧɨɪɨɞɧɨɝɨ ɫɥɨɹ. Ɏɭɧɤɰɢɢ Ƚɪɢɧɚ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ (1.37) ɢ 
(1.48) ɦɨɠɧɨ ɩɨɫɬɪɨɢɬɶ, ɡɧɚɹ ɞɜɚ ɪɟɲɟɧɢɹ ɨɞɧɨɪɨɞɧɵɯ ɭɪɚɜɧɟɧɢɣ, 
ɭɞɨɜɥɟɬɜɨɪɹɸɳɢɯ ɝɪɚɧɢɱɧɵɦ ɭɫɥɨɜɢɹɦ ɧɚ ɤɨɧɰɚɯ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɢɧɬɟɪɜɚɥɚ 
21 
 
ɜ ɬɨɱɤɚɯ 1r  ɢ 2r . ɉɭɫɬɶ ɬɨɱɤɚ ɢɫɬɨɱɧɢɤɚ ɪɚɫɩɨɥɨɠɟɧɚ ɜ ɨɞɧɨɦ ɫɥɨɟ ɫ ɬɨɱɤɨɣ 
ɧɚɛɥɸɞɟɧɢɹ (ɪɢɫ. 1.2). 
Ɋɟɲɟɧɢɟ, ɭɞɨɜɥɟɬɜɨɪɹɸɳɟɟ ɭɪɚɜɧɟɧɢɸ (1.37) ɩɪɢ r r′≠  ɢ ɭɫɥɨɜɢɸ ɫɤɚɱɤɚ 
ɧɚɩɪɹɠɟɧɢɹ ɜ ɬɨɱɤɟ ɭɫɬɚɧɨɜɤɢ ɝɟɧɟɪɚɬɨɪɚ ɧɚɩɪɹɠɟɧɢɣ ɜ ɬɨɱɤɟ r r′= , ɢɦɟɟɬ ɜɢɞ 
[63] 
( ) ( ) ( ), 'E E EG r r AV r V r< >= H G , (1.49)
ɝɞɟ ( )EV rH  − ɪɟɲɟɧɢɟ ɨɞɧɨɪɨɞɧɨɝɨ ɭɪɚɜɧɟɧɢɹ (1.37) 
21 0E E
d dV
r V
r dr dr
ª º
+ χ =« »¬ ¼  (1.50)
ɫ ɝɪɚɧɢɱɧɵɦɢ ɭɫɥɨɜɢɹɦɢ, ɡɚɞɚɧɧɵɦɢ ɫɥɟɜɚ ɧɚ ɪɢɫ. 1.2 ɞɥɹ 1r r= , EV
G
 – ɪɟɲɟɧɢɟ 
ɭɪɚɜɧɟɧɢɹ (1.49) ɞɥɹ 2r r= . ȼ (1.49) ɫɢɦɜɨɥ <  ɨɛɨɡɧɚɱɚɟɬ ɜɵɛɨɪ ɦɟɧɶɲɟɝɨ 
ɡɧɚɱɟɧɢɹ ɢɡ ,r r′ , ɚ ɫɢɦɜɨɥ >  – ɜɵɛɨɪ ɛɨɥɶɲɟɝɨ ɡɧɚɱɟɧɢɹ ɢɡ ,r r′ . 
 
 1r   2r   r  
 r
 r′  
 ,ε μ
 -1
 
 -1
 
EY
H
ɇZ
H
EY
G
ɇZ
Gχ
χ
,E EV I  
,H HI V
pr  
 
Ɋɢɫ. 1.2 ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɫɯɟɦɚ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɮɭɧɤɰɢɢ Ƚɪɢɧɚ 
ɇɨɪɦɢɪɨɜɨɱɧɵɣ ɦɧɨɠɢɬɟɥɶ Ⱥ ɜɵɛɢɪɚɟɬɫɹ ɢɡ ɭɫɥɨɜɢɹ ɫɤɚɱɤɚ ɧɚɩɪɹɠɟɧɢɹ 
ɜ ɬɨɱɤɟ ɢɫɬɨɱɧɢɤɚ r r′= . ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ [63] ɢ ɫɢɫɬɟɦɨɣ ɭɪɚɜɧɟɧɢɣ (1.30) 
( )
1
1
,
E
A
W V VjZ
=
−
χ
H G , (1.51)
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ɝɞɟ ȼɪɨɧɫɤɢɚɧ ( ), dV dVW V V V Vdr dr= −
G HH G H G
. Ɂɧɚɱɟɧɢɟ ɡɧɚɦɟɧɚɬɟɥɹ (1.50) ɧɟ ɡɚɜɢɫɢɬ 
ɨɬ ɩɨɥɨɠɟɧɢɹ ɬɨɱɤɢ, ɜ ɤɨɬɨɪɨɣ ɨɧ ɜɵɱɢɫɥɹɟɬɫɹ. ȿɝɨ ɡɧɚɱɟɧɢɟ ɜ ɬɨɱɤɟ rp:  
( ) ( ) ( ) ( ) ( ), E E p E p E p E pW V V jZ V r V r Y r Y rª º= − χ +¬ ¼H G H G G H , 
ɬɨɝɞɚ 
( ) ( )( )
( )
( )
1
, '
E E
E
pE E p E p
V r V r
G r r
Y V r V r
< >
=
H G
I H G , (1.52)
ɝɞɟ pEY
I
 – ɫɭɦɦɚɪɧɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ «ɜɥɟɜɨ» ɢ «ɜɩɪɚɜɨ» ɨɬ ɫɟɱɟɧɢɹ rp. 
ȼ ɞɚɥɶɧɟɣɲɟɦ ɩɪɢ ɚɧɚɥɢɡɟ ɫɥɨɢɫɬɵɯ ɫɬɪɭɤɬɭɪ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɩɪɨɫɬɨɬɵ 
ɜɵɱɢɫɥɟɧɢɣ ɷɬɨ ɫɟɱɟɧɢɟ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɜɵɛɢɪɚɬɶ ɫɨɜɩɚɞɚɸɳɢɦ ɫ ɨɞɧɨɣ ɢɡ 
ɝɪɚɧɢɰ ɨɛɥɚɫɬɢ, ɫɨɞɟɪɠɚɳɟɣ ɬɨɱɤɢ ɢɫɬɨɱɧɢɤɚ. ɉɭɫɬɶ ɫɟɱɟɧɢɟ rp ɛɭɞɟɬ ɨɩɨɪɧɵɦ 
ɫɟɱɟɧɢɟɦ ɞɥɹ ɨɛɥɚɫɬɢ, ɫɨɞɟɪɠɚɳɟɣ ɬɨɱɤɭ ɢɫɬɨɱɧɢɤɚ. Ɉɩɨɪɧɨɟ ɫɟɱɟɧɢɟ 
ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɧɨɪɦɢɪɨɜɤɢ ɮɭɧɤɰɢɣ ɦɨɞɚɥɶɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɚ.  
Ⱦɥɹ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɇ-ɥɢɧɢɢ ɮɭɧɤɰɢɹ Ƚɪɢɧɚ ɭɪɚɜɧɟɧɢɹ (1.48) ɫɬɪɨɢɬɫɹ ɫ 
ɩɨɦɨɳɶɸ ɫɤɚɥɹɪɧɨɣ ɮɭɧɤɰɢɢ Ƚɪɢɧɚ   
( ) ( ) ( )( ), ' 1 ,
H H
H
H
I r I r
G r r
W I IjY
< >
=
−
χ
H G
H G , (1.53)
ɝɞɟ IH , IG  – ɪɟɲɟɧɢɹ ɨɞɧɨɪɨɞɧɨɝɨ ɭɪɚɜɧɟɧɢɹ 
21 0H H
d dI
r I
r dr dr
ª º
+ χ =« »¬ ¼  (1.54)
ɫ ɝɪɚɧɢɱɧɵɦɢ ɭɫɥɨɜɢɹɦɢ, ɡɚɞɚɧɧɵɦɢ ɜ ɫɟɱɟɧɢɹɯ 1r r=  ɢ 2r r= . ȼɵɱɢɫɥɢɜ 
ȼɪɨɧɫɤɢɚɧ ɜ ɫɟɱɟɧɢɢ pr , ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ 
( ) ( )( )
( )
( )
1
, '
H H
H
pH H p H p
I r I r
G r r
Z I r I r
< >
=
H G
I H G , (1.55)
ɝɞɟ pHZ
I
 – ɫɭɦɦɚɪɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜɥɟɜɨ ɢ ɜɩɪɚɜɨ ɨɬ ɫɟɱɟɧɢɹ rp. 
Ɋɟɲɟɧɢɟ ɨɞɧɨɪɨɞɧɵɯ ɭɪɚɜɧɟɧɢɣ (1.50), (1.54) ɦɨɠɧɨ ɩɨɫɬɪɨɢɬɶ ɜ ɜɢɞɟ 
ɤɨɦɛɢɧɚɰɢɢ ɫɬɨɹɱɢɯ ɢɥɢ ɛɟɝɭɳɢɯ ɜɨɥɧ [7]. 
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ȿɫɥɢ rp − ɨɩɨɪɧɨɟ ɫɟɱɟɧɢɟ, ɨɬɧɨɫɢɬɟɥɶɧɨ ɤɨɬɨɪɨɝɨ ɜɵɩɨɥɧɹɟɬɫɹ 
ɧɨɪɦɢɪɨɜɤɚ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɜ ɫɥɨɟ, ɚ r − ɬɨɱɤɚ ɧɚɛɥɸɞɟɧɢɹ, ɬɨ ɜɵɪɚɠɟɧɢɹ 
ɞɥɹ ɧɚɩɪɹɠɟɧɢɹ ɜ E -ɥɢɧɢɢ ɢ ɬɨɤɚ ɜ H -ɥɢɧɢɢ ɜ ɬɟɪɦɢɧɚɯ ɫɬɨɹɱɢɯ ɜɨɥɧ 
ɡɚɩɢɫɵɜɚɸɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
( ) ( ) ( ) ( ) ( )2 0 22
0
1
, , ,E E p m p E p m p
p
V r V r C r r jZ I r S r r
k r
γ
= γ γ ± γ γ
′ε
G G GH H H
 (1.56)
( ) ( ) ( ) ( ) ( )2 0 22
0
1
, ,H H p m p H p m p
p
I r I r C r r jY V r S r r
k r
γ
= γ γ ± γ γ
′μ
G G GH H H
. (1.57)
ɉɪɢ ɩɨɞɫɬɚɧɨɜɤɟ ɩɨɥɭɱɟɧɧɵɯ ɜɵɪɚɠɟɧɢɣ ɜ (1.30), (1.43), ɦɨɠɧɨ ɧɚɣɬɢ 
ɬɨɤ ɜ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ȿ-ɥɢɧɢɢ ɢ ɧɚɩɪɹɠɟɧɢɟ ɜ ɇ-ɥɢɧɢɢ 
( ) ( ) ( ) ( ) ( )20 0 1 1, ,E E p m p E p m p
p
rI r jY k rV r S r r I r C r r
r
′ε
= ± γ γ + γ γ
γ
G G GH H H
, (1.58)
( ) ( ) ( ) ( ) ( )20 0 1 1, ,H H p m p H p m p
p
rV r jZ k rI r S r r V r C r r
r
′μ
= ± γ γ + γ γ
γ
G G GH H H
. (1.59)
ȼ (1.56) − (1.57) 2 2 1 1, , ,m m m mC S C S  – ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɟ ɮɭɧɤɰɢɢ Ʉɨɲɢ 
ɭɪɚɜɧɟɧɢɣ Ȼɟɫɫɟɥɹ: 
( ) ( ) ( ) ( ) ( )1 , 2m m m m m
yC x y J y N x N y J xπ ′ ′= −ª º¬ ¼ , (1.60)
( ) ( ) ( ) ( ) ( )2 , 2m m m m m
yC x y N y J x J y N xπ ′ ′= −ª º¬ ¼ , (1.61)
( ) ( ) ( ) ( ) ( )1 , 2m m m m m
yS x y N y J x J y N xπ ′ ′ ′ ′= −ª º¬ ¼ , (1.62)
( ) ( ) ( ) ( ) ( )2 , 2m m m m m
yS x y N y J x J y N xπ= −ª º¬ ¼ . (1.63)
Ⱦɥɹ ɨɬɤɪɵɬɵɯ ɜɧɟɲɧɢɯ ɨɛɥɚɫɬɟɣ ɷɤɜɢɜɚɥɟɧɬɧɵɟ ɧɚɩɪɹɠɟɧɢɟ ɜ E -ɥɢɧɢɢ 
ɢ ɬɨɤ ɜ H -ɥɢɧɢɢ ɨɩɪɟɞɟɥɹɸɬɫɹ ɜ ɬɟɪɦɢɧɚɯ ɛɟɝɭɳɢɯ ɜɨɥɧ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ 
( ) ( ) ( ) ( )2E E p mV r V r H r= γG G , (1.64)
( ) ( ) ( ) ( )2H H p mI r I r H r= γG G . (1.65)
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ɉɨɞɫɬɚɜɢɜ ɩɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɜ (1.30), (1.43), ɩɨɥɭɱɚɟɦ ɬɨɤ ɜ 
ɷɤɜɢɜɚɥɟɧɬɧɨɣ ȿ-ɥɢɧɢɢ ɢ ɧɚɩɪɹɠɟɧɢɟ ɜ ɇ-ɥɢɧɢɢ ɞɥɹ ɧɟɨɝɪɚɧɢɱɟɧɧɨɣ ɜɧɟɲɧɟɣ 
ɨɛɥɚɫɬɢ 
( ) ( ) ( ) ( )2 '20 0E E p mI r jY k rV r H r′ε= γγ
G G
, (1.66)
( ) ( ) ( ) ( )220 0H H p mV r jZ k rI r H r′′μ= γγ
G G
. (1.67)
Ɉɫɨɛɟɧɧɨɫɬɶ ɩɪɟɞɥɚɝɚɟɦɨɝɨ ɩɨɞɯɨɞɚ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 
ɧɚɩɪɚɜɥɟɧɧɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ ɩɪɨɜɨɞɢɦɨɫɬɟɣ, ɚɧɚɥɨɝɢɱɧɵɯ ɜɜɟɞɟɧɧɵɦ ɜ [63] 
ɞɥɹ ɩɥɨɫɤɢɯ ɫɬɪɭɤɬɭɪ. ɇɚɩɪɢɦɟɪ, ɩɪɨɜɨɞɢɦɨɫɬɶ EY
H
 ɧɚ ɪɢɫ. 1.2 ɦɨɠɧɨ 
ɪɚɫɫɱɢɬɚɬɶ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ 
( )
( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
2 1
0 0 1 1 1 1
1
1
2 1 0 2 12
0
, ,
.1
, ,
E p m p E p m p
pE
E
E
E p m p E p m p
p
rjY k rV r S r r I r C r r
rI r
Y
V r V r C r r jZ I r S r r
k r
′ε
− γ γ + γ γ
γ
= = γγ γ − γ γ
′ε
H HHH H H H  
ȿɫɥɢ, ɧɚɩɪɢɦɟɪ, ɜ ɫɟɱɟɧɢɢ 1r r=  ɭɫɬɚɧɨɜɥɟɧɚ ɢɞɟɚɥɶɧɨ ɩɪɨɜɨɞɹɳɚɹ 
ɫɬɟɧɤɚ, ɬɨ ɜ ɷɬɨɦ ɫɟɱɟɧɢɢ ( )1 0EV r =H  ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, EY → ∞H . Ⱦɚɥɟɟ ɛɭɞɭɬ 
ɪɚɫɫɦɨɬɪɟɧɵ ɪɚɡɥɢɱɧɵɟ ɜɢɞɵ ɝɪɚɧɢɰ ɢ ɩɪɢɜɟɞɟɧɵ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ 
ɤɨɧɰɟɜɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ ɩɪɨɜɨɞɢɦɨɫɬɟɣ. 
Ɍɟɩɟɪɶ ɧɟɨɛɯɨɞɢɦɨ ɨɩɪɟɞɟɥɢɬɶ ɫɤɚɥɹɪɧɵɟ ɮɭɧɤɰɢɢ Ƚɪɢɧɚ ɞɥɹ 
ɦɧɨɝɨɫɥɨɣɧɵɯ ɨɛɥɚɫɬɟɣ. ɉɭɫɬɶ ɬɨɱɤɚ ɢɫɬɨɱɧɢɤɚ ɪɚɫɩɨɥɨɠɟɧɚ ɜ ɫɥɨɟ ɪ, ɚ ɬɨɱɤɚ 
ɧɚɛɥɸɞɟɧɢɹ ɜ ɫɥɨɟ q (ɪɢɫ. 1.3). 
Ɏɭɧɤɰɢɢ Ƚɪɢɧɚ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ (1.37) ɢ (1.48) ɜɧɨɜɶ 
ɦɨɠɧɨ ɩɨɫɬɪɨɢɬɶ, ɡɧɚɹ ɩɨ ɞɜɚ ɪɟɲɟɧɢɹ ɨɞɧɨɪɨɞɧɵɯ ɭɪɚɜɧɟɧɢɣ, 
ɭɞɨɜɥɟɬɜɨɪɹɸɳɢɯ ɝɪɚɧɢɱɧɵɦ ɭɫɥɨɜɢɹɦ ɧɚ ɤɨɧɰɚɯ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɢɧɬɟɪɜɚɥɚ 
ɜ ɬɨɱɤɚɯ 1r  ɫɥɟɜɚ ɧɚ ɪɢɫ. 1.3 ɢ Nr  ɫɩɪɚɜɚ, ɝɞɟ N  − ɱɢɫɥɨ ɫɥɨɟɜ ɜ ɫɬɪɭɤɬɭɪɟ. 
Ɉɛɨɡɧɚɱɢɦ ɷɬɢ ɪɟɲɟɧɢɹ ɤɚɤ ( )EV r>G , ( )HI r>G  ɜ ɫɥɭɱɚɟ ɜɵɩɨɥɧɟɧɢɹ ɝɪɚɧɢɱɧɵɯ 
ɭɫɥɨɜɢɣ ɩɪɢ 1 2, , ,q q Nr r r r+ += ! , ɢ ( )EV r<H , ( )HI r<H  ɜ ɫɥɭɱɚɟ ɜɵɩɨɥɧɟɧɢɹ 
ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɩɪɢ 1, , pr r r= ! .  
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Ɋɢɫ. 1.3 Ɇɧɨɝɨɫɥɨɣɧɚɹ ɰɢɥɢɧɞɪɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ 
ȼɧɚɱɚɥɟ ɛɭɞɟɦ ɫɱɢɬɚɬɶ, ɱɬɨ ɷɤɜɢɜɚɥɟɧɬɧɵɟ ɥɢɧɢɢ ɧɟ ɫɜɹɡɚɧɵ ɦɟɠɞɭ 
ɫɨɛɨɣ, ɢ ɨɩɪɟɞɟɥɢɦ ɫɨɛɫɬɜɟɧɧɵɟ ɫɤɚɥɹɪɧɵɟ ɮɭɧɤɰɢɢ Ƚɪɢɧɚ, ɤɨɬɨɪɵɟ ɞɥɹ 
ɤɚɠɞɨɝɨ ɭɪɚɜɧɟɧɢɹ ɜ ɨɬɞɟɥɶɧɨɫɬɢ ɡɚɩɢɫɵɜɚɸɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ [63]: 
( ) ( ) ( ), ,, ' E p E pE
pE
V r r V r r
G r r
Y
< >
=
H G
I , (1.68)
( ) ( ) ( ), ,, ' H p H pH
pH
I r r I r r
G r r
Z
< >
=
H G
I , (1.69)
ɝɞɟ ( ) ( )( ),
E
E p
E p
V r
V r r
V r
<
< =
HH H , ( ) ( )( ),
E
E p
E p
V r
V r r
V r
>
> =
GG G  – ɧɨɪɦɢɪɨɜɚɧɧɵɟ ɦɨɞɚɥɶɧɵɟ 
ɧɚɩɪɹɠɟɧɢɹ ɜ ȿ-ɥɢɧɢɢ, ɚ ( ) ( )( ),
H
H p
H p
I r
I r r
I r
<
< =
HH H , ( ) ( )( ),
H
H p
H p
I r
I r r
I r
>
> =
GG G  – 
ɧɨɪɦɢɪɨɜɚɧɧɵɟ ɬɨɤɢ ɜ ɇ-ɥɢɧɢɢ. 
ɋɱɢɬɚɹ, ɱɬɨ ɬɨɱɤɚ r>  ɪɚɫɩɨɥɨɠɟɧɚ ɜ ɫɥɨɟ ɫ ɧɨɦɟɪɨɦ q, ɡɚɩɢɲɟɦ ɮɭɧɤɰɢɢ 
EG  ɢ HG  ɜ ɫɥɟɞɭɸɳɟɦ ɜɢɞɟ 
( ) ( ) ( )1 1,, ,, ' ,E p E q VE q p
pE
V r r V r r
G r r T
Y
−
−
< >
=
H G
I
 (1.70)
( ) ( ) ( )1 1,, ,, ' H p H q IH q p
pH
I r r I r r
G r r T
Z
−
−
< >
=
H G
I , (1.71)
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ɝɞɟ ( ) ( )( )1 1,
E
E q
E q
V r
V r r
V r−
−
>
> =
GG G – ɧɨɪɦɢɪɨɜɚɧɧɨɟ ɧɚɩɪɹɠɟɧɢɟ ɜ E-ɥɢɧɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ 
ɫɟɱɟɧɢɹ 1qr − ; ( ) ( )( )1 1,
H
H q
H q
I r
I r r
I r−
−
>
> =
GG G  – ɧɨɪɦɢɪɨɜɚɧɧɵɣ ɬɨɤ ɜ H-ɥɢɧɢɢ 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɟɱɟɧɢɹ 1qr − ; 
( )
( )
1
1,
E qV
q p
E p
V r
T
V r
−
−
=
G
G ,  ( )( )
1
1,
H qI
q p
H p
I r
T
I r
−
−
=
G
G  (1.72)
– ɤɨɷɮɮɢɰɢɟɧɬɵ ɬɪɚɧɫɮɨɪɦɚɰɢɢ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɚ ɢɡ ɨɩɨɪɧɨɝɨ ɫɟɱɟɧɢɹ rp ɜ 
ɨɩɨɪɧɨɟ ɫɟɱɟɧɢɟ rq-1; 
pE pE pEY Y Y= +
I H G
 (1.73)
– ɫɭɦɦɚ ɩɪɨɜɨɞɢɦɨɫɬɟɣ ɜɥɟɜɨ ɢ ɜɩɪɚɜɨ ɨɬ ɫɟɱɟɧɢɹ rp ɜ E-ɥɢɧɢɢ; 
pH pH pHZ Z Z= +
I H G
 (1.74)
– ɫɭɦɦɚ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɜɥɟɜɨ ɢ ɜɩɪɚɜɨ ɨɬ ɫɟɱɟɧɢɹ rp ɜ H-ɥɢɧɢɢ, ɝɞɟ 
( )
( )
E p
pE
E p
I r
Y
V r
=
HH H ; ( )( )
E p
pE
E p
I r
Y
V r
=
GG G  (1.75)
– ɜɯɨɞɧɵɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜɥɟɜɨ ɢ ɜɩɪɚɜɨ ɨɬ ɫɟɱɟɧɢɹ rp ɜ E-ɥɢɧɢɢ; 
( )
( )
H p
pH
H p
V r
Z
I r
=
HH H ; ( )( )
H p
pH
H p
V r
Z
I r
=
GG G  (1.76)
– ɜɯɨɞɧɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɜɥɟɜɨ ɢ ɜɩɪɚɜɨ ɨɬ ɫɟɱɟɧɢɹ rp ɜ H-ɥɢɧɢɢ. 
ȼɵɛɨɪ ɫɟɱɟɧɢɣ ɧɨɪɦɢɪɨɜɤɢ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɩɪɨɢɡɜɨɥɟɧ, ɧɨ ɪɚɰɢɨɧɚɥɶɧɨ 
ɜɵɛɢɪɚɬɶ ɷɬɢ ɫɟɱɟɧɢɹ ɫɨɜɩɚɞɚɸɳɢɦɢ ɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ ɝɪɚɧɢɰɚɦɢ ɫɥɨɟɜ. 
Ⱥɥɝɨɪɢɬɦ ɩɟɪɟɫɱɟɬɚ ɨɩɨɪɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɧɚ ɩɪɨɢɡɜɨɥɶɧɵɯ ɝɪɚɧɢɰɚɯ 
ɛɭɞɟɬ ɪɚɫɫɦɨɬɪɟɧ ɞɚɥɟɟ. 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɨɛɫɬɜɟɧɧɵɟ ɫɤɚɥɹɪɧɵɟ ɮɭɧɤɰɢɢ ɦɧɨɝɨɫɥɨɣɧɵɯ 
ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ ɩɨɥɭɱɟɧɵ. Ɉɞɧɚɤɨ, ɤɚɤ ɷɬɨ ɛɭɞɟɬ ɩɨɤɚɡɚɧɨ ɞɚɥɟɟ, 
ɜɵɩɨɥɧɟɧɢɟ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɦɟɠɞɭ ɫɦɟɠɧɵɦɢ ɨɛɥɚɫɬɹɦɢ ɩɪɢɜɨɞɢɬ ɤ 
ɩɨɹɜɥɟɧɢɸ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɪɟɲɟɧɢɣ ɭɪɚɜɧɟɧɢɣ (1.37) ɢ (1.48), ɨɛɭɫɥɨɜɥɟɧɧɵɯ 
ɨɛɦɟɧɨɦ ɷɧɟɪɝɢɟɣ ɦɟɠɞɭ ɷɤɜɢɜɚɥɟɧɬɧɵɦɢ ɥɢɧɢɹɦɢ ɧɚ ɝɪɚɧɢɰɚɯ ɫɥɨɟɜ. ɗɬɢ 
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ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɪɟɲɟɧɢɹ ɨɩɢɫɵɜɚɸɬɫɹ ɜɡɚɢɦɧɵɦɢ ɮɭɧɤɰɢɹɦɢ Ƚɪɢɧɚ EHG  ɢ 
HEG . 
Ⱦɥɹ ɧɚɯɨɠɞɟɧɢɹ ɮɭɧɤɰɢɢ Ƚɪɢɧɚ EHG  ɪɚɫɫɦɨɬɪɢɦ ɫɢɬɭɚɰɢɸ, ɤɨɝɞɚ 
ɫɬɨɪɨɧɧɢɟ ɬɨɤɢ ɬɚɤɨɜɵ, ɱɬɨ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ȿ-ɥɢɧɢɸ ɧɟ ɜɨɡɛɭɠɞɚɸɬ. 
ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɢɡ-ɡɚ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɜɨɥɧɚ ɬɢɩɚ ȿ ɜɫɟ ɠɟ ɜɨɡɛɭɠɞɚɟɬɫɹ. 
ȿɫɥɢ ɢɫɬɨɱɧɢɤ ɧɚɯɨɞɢɬɫɹ ɜ ɫɥɨɟ ɪ, ɚ ɬɨɱɤɚ ɧɚɛɥɸɞɟɧɢɹ ɪɚɫɩɨɥɨɠɟɧɚ ɜ ɫɥɨɟ q 
(ɩɪɢɱɟɦ ɥɟɜɚɹ ɝɪɚɧɢɰɚ ɷɬɨɝɨ ɫɥɨɹ 1q pr r− > ), ɬɨ ɧɚ ɝɪɚɧɢɰɟ 1qr r −=  ɫɮɨɪɦɢɪɭɟɬɫɹ 
E-ɜɨɥɧɚ ɫ ɚɦɩɥɢɬɭɞɨɣ ( )1E qV r −G . Ⱦɨɩɭɫɬɢɦ, ɱɬɨ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɜɹɡɢ ɧɚ ɷɬɨɣ 
ɝɪɚɧɢɰɟ ɢɡɜɟɫɬɧɨ, ɬɨ ɟɫɬɶ  
( )
( )
1
1
1
E qC
q EH
H q
V r
Z
I r
−
−
−
=
GG G , (1.77)
ɝɞɟ ( )1H qI r −G  − ɚɦɩɥɢɬɭɞɚ ɬɨɤɚ ɜ ɩɟɪɜɢɱɧɨɣ H-ɥɢɧɢɢ ɜ ɫɟɱɟɧɢɢ rq-1. Ɍɨɝɞɚ 
ɪɟɲɟɧɢɟ ɭɪɚɜɧɟɧɢɹ (1.37) ɜ ɫɥɨɟ q ɛɭɞɟɬ ɢɦɟɬɶ ɫɥɟɞɭɸɳɢɣ ɜɢɞ 
( ) ( ) ( ) ( ) ( ) ( )1 1 1 1 1, , ,CE E q E q H q EH q E qV r V r V r r I r Z r V r r− − − − −= =G G G G G G  
ɝɞɟ ( ) ( ) ( )1 1 1CE q H q EH qV r I r Z r− − −=G G G  ɧɚɜɟɞɟɧɧɨɟ ɧɚ ɝɪɚɧɢɰɟ rq-1 ɧɚɩɪɹɠɟɧɢɟ. 
ȼɡɚɢɦɧɚɹ ɮɭɧɤɰɢɹ Ƚɪɢɧɚ ɫ ɭɱɟɬɨɦ ɡɚɩɢɫɚɧɧɵɯ ɜɵɲɟ ɜɵɪɚɠɟɧɢɣ ɛɭɞɟɬ 
ɢɦɟɬɶ ɫɥɟɞɭɸɳɢɣ ɜɢɞ 
( ) ( ) ( ) ( )1 1 1, ' ,CEH H q EH q E qG r r I r Z r V r r− − −= G G G . 
Ⱦɥɹ ɬɨɤɚ ɧɚ ɝɪɚɧɢɰɟ rq-1 ɜ H-ɥɢɧɢɢ ɢɦɟɟɦ 
( ) ( ) ( )1 1 1,',, ' H p Iq H q q p
pH
I r r
I r G r r T
Z− − −
= =
HG I . 
ɉɨɷɬɨɦɭ 
( ) ( ) ( ) ( )11 1,', ,, ' .H p E qC IEH EH q q p
pH
I r r V r r
G r r Z r T
Z
−
− −
=
H GG I
 
Ⱥɧɚɥɨɝɢɱɧɨ ɩɨɥɭɱɚɟɦ ɜɡɚɢɦɧɭɸ ɮɭɧɤɰɢɸ Ƚɪɢɧɚ, ɭɱɢɬɵɜɚɸɳɭɸ 
ɜɨɡɛɭɠɞɟɧɢɟ H-ɥɢɧɢɢ ɨɬ E-ɥɢɧɢɢ 
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( ) ( ) ( ) ( )11 1,', ,, ' .E p H qC VHE HE q q p
pE
V r r I r r
G r r Y r T
Y
−
− −
=
H GG I
 
ȼ ɛɨɥɟɟ ɨɛɳɟɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɬɨɱɤɢ r ɢ rމ ɪɚɡɦɟɳɟɧɵ ɩɪɨɢɡɜɨɥɶɧɨ, ɞɥɹ 
ɫɨɛɫɬɜɟɧɧɵɯ ɮɭɧɤɰɢɣ Ƚɪɢɧɚ E- ɢ H-ɥɢɧɢɣ ɫɩɪɚɜɟɞɥɢɜɵ ɫɥɟɞɭɸɳɢɟ 
ɫɨɨɬɧɨɲɟɧɢɹ 
( ) ( ) ( )1,, ' ', , ,
V
q p
E E i E n
pE
T
G r r V r r V r r
Y
−
= I  (1.78)
( ) ( ) ( )1,, ' ', ,
I
q p
H H i H n
pH
T
G r r I r r I r r
Z
−
= I , (1.79)
ɚ ɞɥɹ ɜɡɚɢɦɧɵɯ ɮɭɧɤɰɢɣ Ƚɪɢɧɚ – ɫɨɨɬɧɨɲɟɧɢɹ 
( ) ( ) ( ) ( ) 1,', ,, ' ,C EH i EH n IEH EH n q p
pH
I r r V r r
G r r Z r T
Z −
= I  (1.80)
( ) ( ) ( ) ( ) 1,', ,, ' C HE i HE n VHE HE n q p
pE
V r r I r r
G r r Y r T
Y −
= I . (1.81)
ɂɧɞɟɤɫɨɦ n ɨɬɦɟɱɟɧɵ ɩɚɪɚɦɟɬɪɵ, ɫɜɹɡɚɧɧɵɟ ɫɨ ɫɥɨɟɦ, ɫɨɞɟɪɠɚɳɢɦ ɬɨɱɤɭ 
ɧɚɛɥɸɞɟɧɢɹ, ɢɧɞɟɤɫɨɦ i − ɩɚɪɚɦɟɬɪɵ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɢɫɬɨɱɧɢɤɚ.  
ɉɨɥɧɨɟ ɪɟɲɟɧɢɟ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɭɪɚɜɧɟɧɢɹ (1.37) ɫ 
ɭɱɟɬɨɦ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɝɨ ɜɨɡɛɭɠɞɟɧɢɹ ɢ ɜɡɚɢɦɧɨɝɨ ɜɥɢɹɧɢɹ ɩɪɢ 
ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɮɭɧɤɰɢɣ Ƚɪɢɧɚ EG  ɢ EHG  ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ 
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
2 2
' '
2 2
' '
, ' ' ' , ' ' ' '
'
, ' ' ' , ' ' ' '.
'
i
E E E E E
r ri
i
EH H EH H
r ri
j dV r G r r i r dr G r r v r r dr
drk h
j dG r r v r dr G r r v r r dr
drk h
ωε
= − + −
−
ωμ
− +
−
³ ³
³ ³
 (1.82)
ɉɨɥɧɨɟ ɪɟɲɟɧɢɟ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɭɪɚɜɧɟɧɢɹ (1.48) ɫ 
ɭɱɟɬɨɦ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɝɨ ɜɨɡɛɭɠɞɟɧɢɹ ( HG ) ɢ ɜɡɚɢɦɧɨɝɨ ɜɥɢɹɧɢɹ ( HEG ) 
ɡɚɩɢɲɟɦ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ 
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( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
2 2
' '
2 2
' '
, ' ' ' , ' ' ' '
'
, ' ' ' , ' ' ' '.
'
i
H H H H H
r ri
i
HE E HE E
r ri
j dI r G r r v r dr G r r i r r dr
drk h
j dG r r i r dr G r r v r r dr
drk h
ωμ
= − + −
−
ωε
− +
−
³ ³
³ ³
 (1.83)
ȼ (1.82), (1.83) i – ɧɨɦɟɪ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɢ ɢɫɬɨɱɧɢɤɚ. Ɍɨɤɢ ɢ 
ɧɚɩɪɹɠɟɧɢɹ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɜ E-ɥɢɧɢɢ Ei , Ev  ɢ H-ɥɢɧɢɢ Hi , Hv  
ɫɜɹɡɚɧɵ ɫɨ ɫɬɨɪɨɧɧɢɦɢ ɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɢ ɦɚɝɧɢɬɧɵɦɢ ɬɨɤɚɦɢ ɜɵɪɚɠɟɧɢɹɦɢ 
(1.35), (1.36) ɢ (1.46), (1.47). ɉɨɥɭɱɟɧɧɵɟ ɜ (1.82) ɢ (1.83) ɦɨɞɚɥɶɧɵɟ 
ɧɚɩɪɹɠɟɧɢɟ ɢ ɬɨɤ ɫɜɹɡɚɧɵ ɫɨ ɫɩɟɤɬɪɚɥɶɧɵɦɢ ɤɨɦɩɨɧɟɧɬɚɦɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ 
ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ (1.31), (1.42). Ɋɚɫɱɟɬ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨɥɹ zE  ɢ zH  ɜɵɩɨɥɧɹɟɬɫɹ 
ɧɚ ɨɫɧɨɜɟ ɩɪɢɦɟɧɟɧɢɹ ɤ ɢɯ ɫɩɟɤɬɪɚɥɶɧɨɦɭ ɪɚɡɥɨɠɟɧɢɸ ɨɛɪɚɬɧɨɝɨ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ Ɏɭɪɶɟ. 
1.4 Ɇɚɬɪɢɰɵ ɩɟɪɟɞɚɱɢ ɫɥɨɹ ɢ ɝɪɚɧɢɰɵ 
Ɋɚɧɟɟ ɫɩɟɤɬɪɚɥɶɧɵɦ ɫɨɫɬɚɜɥɹɸɳɢɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɛɵɥɢ 
ɩɨɫɬɚɜɥɟɧɵ ɜ ɫɨɨɬɜɟɬɫɬɜɢɟ ɧɚɩɪɹɠɟɧɢɟ ɢ ɬɨɤ ɜ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɥɢɧɢɹɯ 
ɩɟɪɟɞɚɱɢ. ɗɬɚ ɦɨɞɟɥɶ ɩɨɡɜɨɥɹɟɬ ɥɟɝɤɨ ɨɩɢɫɵɜɚɬɶ ɦɧɨɝɨɫɥɨɣɧɵɟ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɟ ɫɬɪɭɤɬɭɪɵ (ɪɢɫ. 1.1). Ɍɟɩɟɪɶ ɧɟɨɛɯɨɞɢɦɨ ɨɩɪɟɞɟɥɢɬɶ 
ɫɜɹɡɶ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɧɚ ɝɪɚɧɢɰɚɯ ɨɞɧɨɝɨ i -ɝɨ ɫɥɨɹ (ɪɢɫ. 1.4, 1.5).  
 
i-1 i+1i
1ir−  ir
r
 
Ɋɢɫ. 1.4 i-ɣ ɫɥɨɣ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ 
ɉɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɨɞɧɨɪɨɞɧɨɝɨ ɫɥɨɹ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (1.29) ɢ (1.40) 
ɞɥɹ ɫɩɟɤɬɪɚɥɶɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨɥɹ ɹɜɥɹɸɬɫɹ ɧɟɡɚɜɢɫɢɦɵɦɢ, ɬɚɤ ɠɟ ɤɚɤ ɢ 
ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (1.30) ɢ (1.43) ɞɥɹ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ. ȼɧɭɬɪɢ 
ɫɥɨɹ ɨɛɦɟɧ ɷɧɟɪɝɢɢ ɦɟɠɞɭ ɷɤɜɢɜɚɥɟɧɬɧɵɦɢ ȿ- ɢ ɇ-ɥɢɧɢɹɦɢ ɨɬɫɭɬɫɬɜɭɟɬ, 
ɩɨɷɬɨɦɭ ɫɜɹɡɶ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɜ ɤɚɠɞɨɣ ɢɡ ɧɢɯ ɨɩɪɟɞɟɥɹɟɬɫɹ ɦɚɬɪɢɰɟɣ 
ɩɟɪɟɞɚɱɢ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ: 
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1
1
,
i E iE
iE
i E iE
V V
C
I I
+ −
−
+ −
−
ª º ª ºª º« » « »= « »¬ ¼« » « »¬ ¼ ¬ ¼
G GH HGH
G GH H  (1.84)
1
1
i H iH
iH
i H iH
V V
C
I I
+ −
−
+ −
−
ª º ª ºª º« » « »= « »¬ ¼« » « »¬ ¼ ¬ ¼
G GH HGH
G GH H , (1.85)
ɝɞɟ 1iV +− , 1iI +−  – ɦɨɞɚɥɶɧɵɟ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤ ɜ ɫɟɱɟɧɢɢ 1 0ir r −= +  (ɫɩɪɚɜɚ ɨɬ 
ɝɪɚɧɢɰɵ ɫɥɨɟɜ i ɢ i-1, ɪɢɫ. 1.5), ɚ iV − , iI −  – ɦɨɞɚɥɶɧɵɟ ɧɚɩɪɹɠɟɧɢɟ ɢ ɬɨɤ ɜ 
ɫɟɱɟɧɢɢ 0ir r= −  (ɫɥɟɜɚ ɨɬ ɝɪɚɧɢɰɵ ɫɥɨɟɜ i ɢ i+1, ɪɢɫ. 1.5). 
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Ɋɢɫ. 1.5 ɗɤɜɢɜɚɥɟɧɬɧɵɟ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɢ ɜ ȿ- ɢ ɇ-ɥɢɧɢɹɯ ɜ i-ɦ ɫɥɨɟ 
ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ (1.56), (1.58) ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɢ ɧɚ ɝɪɚɧɢɰɚɯ ɫɥɨɹ ɜ 
ɷɤɜɢɜɚɥɟɧɬɧɨɣ ȿ-ɥɢɧɢɢ ɦɨɝɭɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
( ) ( ) ( ) ( ) ( )01 2 1 2 1
0
1
, , ,
i
E i E i m i i i i E i m i i i i
i i
ZV r V r C r r jI r S r r
k r
+ − + − − + −
− − −
β
= γ γ − γ γ
′ε
H H H
 (1.86)
( ) ( ) ( ) ( ) ( )1 0 11 1 1 1 1
0
, , ,
i i i
E i E i m i i i i E i m i i i i
i i
r k rI r V r j S r r I r C r r
Z r
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− − −
′ε
= γ γ − γ γβ
H H H
 (1.87)
( ) ( ) ( ) ( ) ( )01 2 1 1 2 1
0 1
1
, , ,
i
E i E i m i i i i E i m i i i i
i i
ZV r V r C r r jI r S r r
k r
− + +
− − − −
−
β
= γ γ + γ γ
′ε
G G G
 (1.88)
( ) ( ) ( ) ( ) ( )01 1 1 1 1 1
0 1
, , .
i i i
E i E i m i i i i E i m i i i i
i i
r k rI r V r j S r r I r C r r
Z r
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− − − −
−
′ε
= γ γ + γ γβ
G G G
 (1.89)
ɉɨɷɬɨɦɭ ɦɚɬɪɢɰɭ ɩɟɪɟɞɚɱɢ i-ɝɨ ɫɥɨɹ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟ 
( ) ( )
( ) ( )
0
2 1 2 1
0
0 1
1 1 1 1 1
0
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, ,
, ,
i
m i i i i m i i i i
i i
iE
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i m i i i i m i i i i
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C
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′ε« »ª º =¬ ¼ ′ε« »γ γ − γ γ« »β¬ ¼
H
 (1.90)
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ɞɥɹ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ, ɡɚɞɚɧɧɵɯ ɜ ɫɟɱɟɧɢɢ 1ir r −< , ɢ  
( ) ( )
( ) ( )
0
2 1 2 1
0 1
0
1 1 1 1
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, ,
, ,
i
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i i
iE
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C
k rj r S r r C r r
Z r
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G
 (1.91)
ɞɥɹ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ, ɡɚɞɚɧɧɵɯ ɜ ɫɟɱɟɧɢɢ ir r> . 
Ⱥɧɚɥɨɝɢɱɧɨ ɞɥɹ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɜ H-ɥɢɧɢɢ ɢɦɟɟɦ 
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, , ,
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 (1.92)
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 (1.93)
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 (1.95)
Ɇɚɬɪɢɰɵ ɩɟɪɟɞɚɱɢ i-ɝɨ ɫɥɨɹ H-ɥɢɧɢɢ ɩɪɢɨɛɪɟɬɚɸɬ ɜɢɞ 
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 (1.97)
Ɋɚɫɫɦɨɬɪɟɧɧɵɟ ɜɵɲɟ ɨɬɪɟɡɤɢ ɞɜɭɯ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ 
ɜɢɞɟ ɜɨɫɶɦɢɩɨɥɸɫɧɢɤɚ ɫ ɦɚɬɪɢɰɟɣ ɩɟɪɟɞɚɱɢ ɜɢɞɚ 
[ ]
[ ]
0
,
0
iE
i
iH
C
C
C
ª ºª º« »« »¬ ¼ª º
= « »« »¬ ¼ ª º« »« »¬ ¼¬ ¼
GH
GH
GH  (1.98)
ɝɞɟ [ ]0  − ɧɭɥɟɜɚɹ ɦɚɬɪɢɰɚ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ 
ɦɚɬɪɢɱɧɵɣ ɩɨɞɯɨɞ ɩɪɢ ɪɚɫɱɟɬɟ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɚɜɥɟɧɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ, 
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ɚ ɜɦɟɫɬɟ ɫ ɧɢɦɢ ɢ ɫɩɟɤɬɪɚɥɶɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ (ɪɢɫ. 
1.6). 
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Ɋɢɫ. 1.6 Ɇɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ i -ɝɨ ɫɥɨɹ 
Ɉɩɪɟɞɟɥɢɦ ɦɚɬɪɢɰɭ ɩɟɪɟɞɚɱɢ i-ɣ ɝɪɚɧɢɰɵ ɦɟɠɞɭ ɞɜɭɦɹ ɫɥɨɹɦɢ [ ]iΓ  (ɪɢɫ. 
1.7). ȿɟ ɷɥɟɦɟɧɬɵ ɨɩɪɟɞɟɥɹɸɬɫɹ ɢɡ ɭɫɥɨɜɢɹ ɧɟɩɪɟɪɵɜɧɨɫɬɢ ɬɚɧɝɟɧɰɢɚɥɶɧɵɯ 
ɤɨɦɩɨɧɟɧɬɨɜ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɫɟɱɟɧɢɢ ir r= .  
 
i+1i 
ir  
r
0i ir r
−
= − 0i ir r
−
= +
 
Ɋɢɫ. 1.7. Ƚɪɚɧɢɰɚ ɪɚɡɞɟɥɚ ɞɜɭɯ ɫɥɨɟɜ 
Ⱦɥɹ ɚɡɢɦɭɬɚɥɶɧɵɯ ɢ ɩɪɨɞɨɥɶɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɩɨɥɹ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ 
ɫɩɪɚɜɟɞɥɢɜɨ 
( ) ( ),i iE r E r− +ϕ ϕ=  ( ) ( ),z i z iE r E r− +=   ( ) ( ),i iH r H r− +ϕ ϕ=  ( ) ( ).z i z iH r H r− +=  
Ⱥɡɢɦɭɬɚɥɶɧɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ ɩɨɥɹ ɜ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ 
ɩɪɢ ɪɚɡɥɨɠɟɧɢɢ ɩɨɥɹ ɩɨ ɜɨɥɧɚɦ ɬɢɩɚ ȿ ɢ ɇ ɫɜɹɡɚɧɵ ɫ ɩɪɨɞɨɥɶɧɵɦɢ 
ɤɨɦɩɨɧɟɧɬɚɦɢ ɫɨɨɬɧɨɲɟɧɢɹɦɢ [5] 
2 ,
e e
mh zmh
mhE E
r
ϕ = − γ
 
 2 ,
h
h a zmh
mh
j dHE
drϕ
ωμ
=
γ

 2 ,
e
e a zmh
mh
j dEH
drϕ
ωε
= −
γ

 2 .
h h
mh zmh
mhH H
r
ϕ = − γ
 
 
ɋɭɦɦɚɪɧɵɟ ɚɡɢɦɭɬɚɥɶɧɵɟ ɤɨɦɩɨɧɟɧɬɵ ɩɨɥɹ ɡɚɩɢɫɵɜɚɸɬɫɹ ɬɚɤ: 
( ) ( ) ( ),e hmh mh mhE r E r E rϕ ϕ ϕ= +
 
( ) ( ) ( ).e hmh mh mhH r H r H rϕ ϕ ϕ= +
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ɋ ɭɱɟɬɨɦ ɫɜɹɡɢ ɫɩɟɤɬɪɚɥɶɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨɥɹ ɢ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ 
ɬɨɤɨɜ ɢɦɟɟɦ 
0 ,
h
mh Hk rE Vϕ =  ,ezmh EE V=  ,hzmh HH I=  0 ,emh Ek rH Iϕ− =  
2 ,
e h h
mh mh mh zmh mh
mhE E E E E
r
ϕ ϕ ϕ ϕ= + = − +γ
    
 
ɢ ɧɚ i-ɣ ɝɪɚɧɢɰɟ ɩɨɥɭɱɢɬɫɹ 
2 2
0 1 0
,
iH iH
iE iE
i i i i i i
mh V mh VV V
r k r r k r
− +
− +
− − + +
+
− + = − +
γ γ
 (1.99)
ɨɬɤɭɞɚ 
( ) ( ) ( )0 2 2
1
1 1
.H i H i E i
i i
V r V r k mh V r− +
+
§ ·
= + −¨ ¸γ γ© ¹
 (1.100)
Ɍɚɤ ɤɚɤ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɜɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ iE iE iEV V V− += = , ɬɨ 
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1
1 1
.iH iH iE
i i
V V k mh V− +
+
§ ·
= + −¨ ¸γ γ© ¹
 (1.101)
Ⱥɧɚɥɨɝɢɱɧɨ ɫ ɭɱɟɬɨɦ ɪɚɜɟɧɫɬɜɚ ( ) ( ) ( )H i H i H iI r I r I r− += =    ɞɥɹ ɬɨɤɨɜ ɧɚ i -ɣ 
ɝɪɚɧɢɰɟ ɩɨɥɭɱɚɟɬɫɹ ɫɨɨɬɧɨɲɟɧɢɟ 
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1 1
.iE iE iH
i i
I I k mh I− +
+
§ ·
= − −¨ ¸γ γ© ¹
 (1.102)
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɢ ɧɚ i -ɣ ɝɪɚɧɢɰɟ ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ 
ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ 
[ ] ,
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 (1.103)
ɝɞɟ ɦɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ ɝɪɚɧɢɰɵ ɢɦɟɟɬ ɮɨɪɦɭ 
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 (1.104)
ɗɥɟɦɟɧɬ Ni ɦɚɬɪɢɰɵ [ ]iΓ  ɡɚɩɢɫɵɜɚɟɬɫɹ ɬɚɤ 
0 2 2 2 2
1 1
1 1 1 1
i
i i i i
N mhk mh
+ +
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= − = −¨ ¸ ¨ ¸γ γ β β© ¹ © ¹

. (1.105)
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɦɨɞɟɥɢɪɨɜɚɬɶ ɩɨɜɟɞɟɧɢɟ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨɥɹ ɧɚ ɝɪɚɧɢɰɟ 
ɪɚɡɞɟɥɚ ɫɥɨɟɜ ɦɨɠɧɨ ɫ ɩɨɦɨɳɶɸ ɜɨɫɶɦɢɩɨɥɸɫɧɢɤɚ – ɦɚɬɪɢɰɵ ɩɟɪɟɞɚɱɢ 
ɝɪɚɧɢɰɵ (ɪɢɫ. 1.8). 
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Ɋɢɫ. 1.8 Ɇɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ i-1 ɝɪɚɧɢɰɵ 
ɂɡ ɩɨɥɭɱɟɧɧɵɯ ɜɵɪɚɠɟɧɢɣ ɜɢɞɧɨ, ɱɬɨ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɧɚɛɥɸɞɚɟɬɫɹ 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɷɤɜɢɜɚɥɟɧɬɧɵɯ E- ɢ H-ɥɢɧɢɣ, ɬ.ɤ. ɧɚɩɪɹɠɟɧɢɟ ɜ H-ɥɢɧɢɢ 
ɜɥɢɹɟɬ ɧɚ ɫɨɨɬɧɨɲɟɧɢɟ ɧɚɩɪɹɠɟɧɢɣ ɫɥɟɜɚ ɢ ɫɩɪɚɜɚ ɨɬ ɝɪɚɧɢɰɵ E-ɥɢɧɢɢ. Ɍɨɤ ɜ  
H-ɥɢɧɢɢ ɜɥɢɹɟɬ ɧɚ ɫɨɨɬɧɨɲɟɧɢɟ ɬɨɤɨɜ ɫɥɟɜɚ ɢ ɫɩɪɚɜɚ ɨɬ ɝɪɚɧɢɰɵ E-ɥɢɧɢɢ. ɗɬɨ 
ɦɨɠɧɨ ɬɪɚɤɬɨɜɚɬɶ ɤɚɤ ɨɛɦɟɧ ɷɧɟɪɝɢɟɣ ɦɟɠɞɭ ɞɜɭɦɹ ɷɤɜɢɜɚɥɟɧɬɧɵɦɢ ɥɢɧɢɹɦɢ 
ɧɚ ɝɪɚɧɢɰɟ. ȼ ɷɬɨɦ ɧɚɛɥɸɞɚɟɬɫɹ ɫɭɳɟɫɬɜɟɧɧɨɟ ɨɬɥɢɱɢɟ ɨɬ ɩɨɜɟɞɟɧɢɹ ɩɨɥɹ ɧɚ 
ɩɥɨɫɤɨɣ ɢ ɫɮɟɪɢɱɟɫɤɨɣ ɝɪɚɧɢɰɚɯ. Ʉɪɨɦɟ ɬɨɝɨ, ɷɬɨ ɡɚɦɟɬɧɨ ɭɫɥɨɠɧɹɟɬ ɚɥɝɨɪɢɬɦ 
ɨɩɪɟɞɟɥɟɧɢɹ ɩɨɥɹ ɜ ɦɧɨɝɨɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɟ ɫ ɛɨɥɶɲɢɦ ɱɢɫɥɨɦ ɝɪɚɧɢɰ. ɂɡ 
(1.104) ɢ (1.105) ɫɥɟɞɭɟɬ, ɱɬɨ ɞɥɹ ɨɫɟɫɢɦɦɟɬɪɢɱɧɵɯ (m=0) ɢ ɞɜɭɦɟɪɧɵɯ (ɧɟ 
ɡɚɜɢɫɹɳɢɯ ɨɬ z) ɪɚɫɩɪɟɞɟɥɟɧɢɣ ɫɬɨɪɨɧɧɢɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɦɚɝɧɢɬɧɵɯ ɬɨɤɨɜ 
(ɩɪɢ ɷɬɨɦ h=0) ɪɚɞɢɚɥɶɧɵɟ ɥɢɧɢɢ E ɢ H – ɜɨɥɧ ɫɬɚɧɨɜɹɬɫɹ ɧɟɡɚɜɢɫɢɦɵɦɢ. 
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1.5 Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɝɪɚɧɢɰ ɨɛɥɚɫɬɟɣ 
ɉɪɢ ɪɟɲɟɧɢɢ ɡɚɞɚɱ ɷɥɟɤɬɪɨɞɢɧɚɦɢɤɢ ɜɨɡɦɨɠɟɧ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɛɨɥɶɲɨɣ 
ɩɟɪɟɱɟɧɶ ɜɨɡɦɨɠɧɵɯ ɝɪɚɧɢɰ ɫɥɨɢɫɬɵɯ ɨɛɥɚɫɬɟɣ. ɇɚɩɪɢɦɟɪ, ɫ ɜɧɟɲɧɟɣ ɫɬɨɪɨɧɵ 
ɷɬɨ ɦɨɠɟɬ ɛɵɬɶ ɧɟɨɝɪɚɧɢɱɟɧɧɚɹ ɫɪɟɞɚ, ɢɞɟɚɥɶɧɨ ɩɪɨɜɨɞɹɳɚɹ ɢɥɢ ɢɦɩɟɞɚɧɫɧɚɹ 
ɰɢɥɢɧɞɪɢɱɟɫɤɚɹ ɩɨɜɟɪɯɧɨɫɬɶ. ɋ ɜɧɭɬɪɟɧɧɟɣ ɫɬɨɪɨɧɵ ɷɬɨ ɦɨɠɟɬ ɛɵɬɶ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ, ɢɞɟɚɥɶɧɨ ɩɪɨɜɨɞɹɳɢɣ ɢɥɢ ɢɦɩɟɞɚɧɫɧɵɣ ɰɢɥɢɧɞɪ. ȼ ɪɚɦɤɚɯ 
ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɦɟɬɨɞɚ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɥɢɧɢɣ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ ɦɨɞɟɥɢɪɭɸɬɫɹ 
ɫ ɩɨɦɨɳɶɸ ɧɚɝɪɭɡɨɱɧɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ ɩɪɨɜɨɞɢɦɨɫɬɟɣ. 
ȼɨɡɦɨɠɧɵɟ ɜɚɪɢɚɧɬɵ ɜɧɟɲɧɟɣ ɝɪɚɧɢɰɵ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ 
ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫ.1.9 – 1.11. ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɫɯɟɦɚ ɞɥɹ ɨɩɢɫɚɧɢɹ ɜɧɟɲɧɢɯ ɝɪɚɧɢɰ 
ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 1.12. ɇɢɠɟ ɡɚɩɢɫɚɧɵ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ ɤɨɧɰɟɜɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ȿ-ɥɢɧɢɢ ɢ ɤɨɧɰɟɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɇ-ɥɢɧɢɢ. 
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1 1,N N+ +ε μ
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Ɋɢɫ. 1.9 ȼɧɭɬɪɟɧɧɹɹ ɝɪɚɧɢɰɚ ɧɟɨɝɪɚɧɢɱɟɧɧɨɣ ɫɪɟɞɵ 
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Ɋɢɫ. 1.10 ȼɧɭɬɪɟɧɧɹɹ ɢɞɟɚɥɶɧɨ ɩɪɨɜɨɞɹɳɚɹ ɰɢɥɢɧɞɪɢɱɟɫɤɚɹ ɩɨɜɟɪɯɧɨɫɬɶ 
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Ɋɢɫ. 1.11 ȼɧɭɬɪɟɧɧɹɹ ɢɦɩɟɞɚɧɫɧɚɹ ɰɢɥɢɧɞɪɢɱɟɫɤɚɹ ɩɨɜɟɪɯɧɨɫɬɶ 
36 
 
 
Nr
+
r
NEY
+
G
NHZ
+
G
 
Ɋɢɫ. 1.12 ɗɤɜɢɜɚɥɟɧɬɧɵɟ ɧɚɝɪɭɡɤɢ E - ɢ H -ɥɢɧɢɣ, ɦɨɞɟɥɢɪɭɸɳɢɟ ɜɧɟɲɧɢɟ 
ɝɪɚɧɢɰɵ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ 
Ⱦɥɹ ɜɧɟɲɧɟɝɨ ɧɟɨɝɪɚɧɢɱɟɧɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ ɜɧɟɲɧɹɹ ɤɨɧɰɟɜɚɹ 
ɩɪɨɜɨɞɢɦɨɫɬɶ 
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( )
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E
I r
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V r
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=
GG G , 
ɤɨɬɨɪɚɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ (1.64), (1.66) ɡɚɩɢɫɵɜɚɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ 
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 (1.106)
ȼɧɟɲɧɟɟ ɤɨɧɰɟɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
( )
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V r
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I r
+
=
GG G . 
ɇɚ ɨɫɧɨɜɟ (1.65), (1.67) ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 
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Ⱦɥɹ ɢɞɟɚɥɶɧɨ ɩɪɨɜɨɞɹɳɟɣ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɜ ɫɟɱɟɧɢɢ 
1Nr r +=  ɧɚ ɟɟ ɩɨɜɟɪɯɧɨɫɬɢ ɜɵɩɨɥɧɹɟɬɫɹ ɭɫɥɨɜɢɟ ɪɚɜɟɧɫɬɜɚ ɧɭɥɸ ɦɨɞɚɥɶɧɵɯ 
ɧɚɩɪɹɠɟɧɢɣ ( )1E NV r−+G  ɢ ( )1H NV r−+G , ɨɬɤɭɞɚ ɧɚ ɨɫɧɨɜɚɧɢɢ (1.56), (1.57) ɫɥɟɞɭɟɬ 
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Ⱦɥɹ ɢɦɩɟɞɚɧɫɧɨɣ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ, ɨɛɭɫɥɨɜɥɟɧɧɨɣ ɪɟɚɥɶɧɨɣ 
ɟɟ ɩɪɨɜɨɞɢɦɨɫɬɶɸ 
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(1.111)
ɝɞɟ ı − ɭɞɟɥɶɧɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ ɦɚɬɟɪɢɚɥɚ. 
ȼɨɡɦɨɠɧɵɟ ɜɚɪɢɚɧɬɵ ɜɧɭɬɪɟɧɧɟɣ ɝɪɚɧɢɰɵ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ 
ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫ. 1.13 – 1.15. ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɫɯɟɦɚ ɞɥɹ ɨɩɢɫɚɧɢɹ ɜɧɟɲɧɢɯ 
ɝɪɚɧɢɰ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 1.16. ɇɢɠɟ ɡɚɩɢɫɚɧɵ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ 
ɤɨɧɰɟɜɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ȿ-ɥɢɧɢɢ ɢ ɤɨɧɰɟɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɇ-ɥɢɧɢɢ. 
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Ɋɢɫ. 1.13 ȼɧɟɲɧɹɹ ɝɪɚɧɢɰɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɰɢɥɢɧɞɪɚ 
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Ɋɢɫ. 1.14 ȼɧɟɲɧɹɹ ɩɨɜɟɪɯɧɨɫɬɶ ɢɞɟɚɥɶɧɨ ɩɪɨɜɨɞɹɳɟɝɨ ɰɢɥɢɧɞɪɚ 
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Ɋɢɫ. 1.15 ȼɧɟɲɧɹɹ ɩɨɜɟɪɯɧɨɫɬɶ ɢɦɩɟɞɚɧɫɧɨɝɨ ɰɢɥɢɧɞɪɚ 
ȼɧɭɬɪɟɧɧɹɹ ɤɨɧɰɟɜɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ 
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Ɋɢɫ. 1.16 ɗɤɜɢɜɚɥɟɧɬɧɵɟ ɧɚɝɪɭɡɤɢ ȿ- ɢ ɇ-ɥɢɧɢɣ, ɦɨɞɟɥɢɪɭɸɳɢɟ ɜɧɭɬɪɟɧɧɢɟ 
ɝɪɚɧɢɰɵ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ 
Ⱦɥɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɰɢɥɢɧɞɪɚ ɧɚ ɨɫɧɨɜɟ ɩɪɟɞɟɥɶɧɨɝɨ ɩɟɪɟɯɨɞɚ ɜ (1.56), (1.58) 
0 0r →  ɩɨɥɭɱɢɬɫɹ 
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ȼɧɭɬɪɟɧɧɟɟ ɤɨɧɰɟɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
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ɇɚ ɨɫɧɨɜɟ ɩɪɟɞɟɥɶɧɨɝɨ ɩɟɪɟɯɨɞɚ ɜ (1.57), (1.59) 0 0r →  ɩɨɥɭɱɢɬɫɹ 
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Ⱦɥɹ ɢɞɟɚɥɶɧɨ ɩɪɨɜɨɞɹɳɟɝɨ ɰɢɥɢɧɞɪɚ ( )0 0HV r+ =H  ɢ ( )0 0EV r+ =H . ȼ ɷɬɨɦ 
ɫɥɭɱɚɟ ɢɡ (1.56) – (1.59) 
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Ⱦɥɹ ɢɦɩɟɞɚɧɫɧɨɝɨ ɰɢɥɢɧɞɪɚ (ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɰɢɥɢɧɞɪɚ ɫ ɡɚɞɚɧɧɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɶɸ ɦɚɬɟɪɢɚɥɚ) 
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ɉɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɤɨɧɰɟɜɵɯ ɧɚɝɪɭɡɨɤ ɦɨɞɟɥɢɪɭɸɬ ɜɫɟ 
ɜɨɡɦɨɠɧɵɟ ɝɪɚɧɢɰɵ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɨɛɥɚɫɬɢ, ɨɩɪɟɞɟɥɹɟɦɨɣ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ,ε μ  ɢ σ . 
1.6 Ɋɚɫɱɟɬ ɷɥɟɦɟɧɬɨɜ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɫɯɟɦɵ ɦɧɨɝɨɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ 
ɉɨɥɭɱɟɧɧɵɟ ɜ ɪɚɡɞɟɥɚɯ 1.4 ɢ 1.5 ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ ɤɨɧɰɟɜɵɯ 
ɧɚɝɪɭɡɨɤ, ɦɚɬɪɢɰ ɩɟɪɟɞɚɱɢ ɫɥɨɹ ɢ ɝɪɚɧɢɰɵ ɩɨɡɜɨɥɹɸɬ ɚɧɚɥɢɡɢɪɨɜɚɬɶ 
ɪɚɡɧɨɨɛɪɚɡɧɵɟ ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ ɫɬɪɭɤɬɭɪɵ ɫ ɩɪɨɢɡɜɨɥɶɧɵɦ ɱɢɫɥɨɦ ɫɥɨɟɜ ɢ 
ɜɢɞɨɦ ɨɝɪɚɧɢɱɢɜɚɸɳɢɯ ɨɛɥɚɫɬɟɣ.  
Ɍɚɤ ɤɚɤ ɢɫɬɨɱɧɢɤ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɦɨɠɟɬ ɧɚɯɨɞɢɬɶɫɹ ɜ 
ɩɪɨɢɡɜɨɥɶɧɨɦ ɫɥɨɟ ɫɬɪɭɤɬɭɪɵ, ɧɟɨɛɯɨɞɢɦɨ ɡɚɩɢɫɚɬɶ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ 
ɜɯɨɞɧɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ ɩɪɨɜɨɞɢɦɨɫɬɟɣ ɜ ɩɪɨɢɡɜɨɥɶɧɨɦ ɫɟɱɟɧɢɢ. Ⱦɥɹ ɷɬɨɝɨ 
ɧɟɨɛɯɨɞɢɦɨ ɜɵɜɟɫɬɢ ɦɚɬɪɢɰɵ ɩɟɪɟɞɚɱɢ ɜɥɟɜɨ ɢ ɜɩɪɚɜɨ ɨɬ ɜɵɛɪɚɧɧɨɝɨ ɫɟɱɟɧɢɹ.  
Ⱦɥɹ ɞɚɥɶɧɟɣɲɢɯ ɪɚɫɱɟɬɨɜ ɩɨɬɪɟɛɭɟɬɫɹ ɩɨɥɭɱɢɬɶ ɦɚɬɪɢɰɵ ɩɟɪɟɞɚɱɢ 
ɦɟɠɞɭ ɞɜɭɦɹ ɝɪɚɧɢɰɚɦɢ ɫ ɜɤɥɸɱɟɧɢɟɦ ɨɞɧɨɣ ɢɡ ɷɬɢɯ ɝɪɚɧɢɰ (ɪɢɫ. 1.17), ɩɪɢɱɟɦ 
ɜɟɥɢɱɢɧɚ ɧɚɝɪɭɡɨɤ ɦɨɠɟɬ ɛɵɬɶ ɡɚɞɚɧɚ ɤɚɤ ɫɩɪɚɜɚ, ɬɚɤ ɢ ɫɥɟɜɚ. ɇɚɩɪɚɜɥɟɧɢɟ, ɜ 
ɤɨɬɨɪɨɦ ɡɚɞɚɧɵ ɧɚɝɪɭɡɤɢ, ɩɨɤɚɡɚɧɨ ɫɬɪɟɥɤɚɦɢ ɧɚɞ ɦɨɞɚɥɶɧɵɦɢ ɧɚɩɪɹɠɟɧɢɹɦɢ 
ɢ ɬɨɤɚɦɢ. ɇɚ ɜɫɟɯ ɪɢɫɭɧɤɚɯ ɲɬɪɢɯɨɜɨɣ ɥɢɧɢɟɣ ɨɛɨɡɧɚɱɟɧɵ ɫɟɱɟɧɢɹ ɨɬɫɱɟɬɚ, 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɤɨɬɨɪɵɯ ɨɩɪɟɞɟɥɹɸɬɫɹ ɜɯɨɞɧɵɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹ. 
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Ɋɢɫ. 1.17. ɉɟɪɟɫɱɟɬ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɦɟɠɞɭ ɫɟɱɟɧɢɹɦɢ 1ir+−  ɢ ir+  
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɥɹ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɚɜɥɟɧɧɵɯ «ɜɩɪɚɜɨ» ɨɬ ɨɩɨɪɧɨɝɨ 
ɫɟɱɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɥɢɧɢɣ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ 
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ɝɞɟ ɦɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ  
[ ] [ ]i i ir ɋª º= Γ¬ ¼
G
. (1.118)
Ⱦɥɹ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɚɜɥɟɧɧɵɯ «ɜɥɟɜɨ» ɨɬ ɨɩɨɪɧɨɝɨ ɫɟɱɟɧɢɹ ɧɚɩɪɹɠɟɧɢɣ 
ɢ ɬɨɤɨɜ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɥɢɧɢɣ 
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ɝɞɟ ɦɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ  
[ ] [ ]i i il ɋª º= Γ¬ ¼
H
. (1.119)
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Ɋɢɫ. 1.18 ɉɟɪɟɫɱɟɬ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɦɟɠɞɭ ɫɟɱɟɧɢɹɦɢ 1r−  ɢ ir+  
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Ɋɢɫ. 1.19 ɉɟɪɟɫɱɟɬ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɦɟɠɞɭ ɫɟɱɟɧɢɹɦɢ 1r−  ɢ ir−  
ȿɫɥɢ ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɩɟɪɟɫɱɟɬ ɨɬ ɫɟɱɟɧɢɹ r1 ɤ ɫɟɱɟɧɢɸ ri, ɬɨ 
ɬɪɟɛɭɟɬɫɹ ɨɩɪɟɞɟɥɢɬɶ ɦɚɬɪɢɰɭ [ ]iL  ɢɥɢ iLª º¬ ¼  ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɩɨɥɨɠɟɧɢɟɦ 
ɫɟɱɟɧɢɹ ɨɬɫɱɟɬɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ir  (ɪɢɫ. 1.18, 1.19): 
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Ɋɢɫ. 1.20 ɉɟɪɟɫɱɟɬ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɦɟɠɞɭ ɫɟɱɟɧɢɹɦɢ Nr+  ɢ ir+  
 
ir  N
r
N
r
1i +i 1N +
 
Ɋɢɫ. 1.21 ɉɟɪɟɫɱɟɬ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɦɟɠɞɭ ɫɟɱɟɧɢɹɦɢ Nr+  ɢ ir−  
ȿɫɥɢ ɡɚɞɚɧɵ ɤɨɧɰɟɜɵɟ ɧɚɝɪɭɡɤɢ ɜ ɩɪɚɜɨɣ ɱɚɫɬɢ ɫɯɟɦɵ (ɧɚ ɜɧɟɲɧɟɣ 
ɝɪɚɧɢɰɟ), ɢ ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɩɟɪɟɫɱɟɬ ɨɬ ɫɟɱɟɧɢɹ Nr  ɤ ɫɟɱɟɧɢɸ ir , ɬɨ 
ɬɪɟɛɭɟɬɫɹ ɨɩɪɟɞɟɥɢɬɶ ɦɚɬɪɢɰɭ [ ]iR  ɢɥɢ iRª º¬ ¼  ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɩɨɥɨɠɟɧɢɟɦ 
ɫɟɱɟɧɢɹ ɨɬɫɱɟɬɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ir  (ɪɢɫ. 1.20, 1.21): 
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Ɉɛɪɚɬɧɵɟ ɦɚɬɪɢɰɵ [ ] [ ] [ ] [ ]1 11 1, , ,i i i i i i i iF L F L B R B R− −− −ª º ª º ª º ª º= = = =¬ ¼ ¬ ¼ ¬ ¼ ¬ ¼     
ɩɨɡɜɨɥɹɸɬ ɜɵɩɨɥɧɢɬɶ ɩɟɪɟɫɱɟɬ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɜ ɨɛɪɚɬɧɨɦ 
ɧɚɩɪɚɜɥɟɧɢɢ. 
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ɉɪɢ ɩɟɪɟɫɱɟɬɟ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ ɨɬ ɨɞɧɨɣ ɨɩɨɪɧɨɣ ɝɪɚɧɢɰɵ ɤ ɞɪɭɝɨɣ, 
ɤɨɝɞɚ ɫɟɱɟɧɢɹ ɷɬɢɯ ɝɪɚɧɢɰ ɧɟ ɫɨɜɩɚɞɚɸɬ, ɢɫɩɨɥɶɡɭɸɬɫɹ ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɬɪɚɧɫɮɨɪɦɚɰɢɢ. ɂɯ ɡɧɚɱɟɧɢɟ ɧɚ ɨɫɧɨɜɟ ɦɚɬɪɢɱɧɨɝɨ ɩɨɞɯɨɞɚ ɦɨɠɟɬ ɛɵɬɶ 
ɪɚɫɫɱɢɬɚɧɨ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ:  
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– ɤɨɷɮɮɢɰɢɟɧɬ ɬɪɚɧɫɮɨɪɦɚɰɢɢ ɩɨ ɬɨɤɭ, ɢ 
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– ɤɨɷɮɮɢɰɢɟɧɬ ɬɪɚɧɫɮɨɪɦɚɰɢɢ ɩɨ ɧɚɩɪɹɠɟɧɢɸ. 
Ɋɚɫɱɟɬ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɬɪɚɧɫɮɨɪɦɚɰɢɢ ɩɨɹɫɧɹɟɬ ɪɢɫ. 1.22. ȼ ɫɟɱɟɧɢɢ rp 
ɦɨɞɚɥɶɧɵɟ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɢ 
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Ɋɢɫ. 1.22 Ʉ ɜɵɜɨɞɭ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɬɪɚɧɫɮɨɪɦɚɰɢɢ 
ɂɡ ɡɚɩɢɫɚɧɧɵɯ ɜɵɲɟ ɜɵɪɚɠɟɧɢɣ ɫɥɟɞɭɟɬ 
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ɝɞɟ NH NHZ Z +=
G
, NE NEY Y
+
=
G
 – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɤɨɧɰɟɜɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ 
ɩɪɨɜɨɞɢɦɨɫɬɢ, 
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Ɍɚɤ ɤɚɤ ɧɚɩɪɹɠɟɧɢɟ ɜ E-ɥɢɧɢɢ ɢ ɬɨɤ ɜ H-ɥɢɧɢɢ ɪɚɜɧɵ ɫ ɨɛɟɢɯ ɫɬɨɪɨɧ 
ɝɪɚɧɢɰ, ɬɨ ɩɪɢ ɜɵɱɢɫɥɟɧɢɹɯ ɦɨɠɧɨ ɜɨɫɩɨɥɶɡɨɜɚɬɶɫɹ ɦɚɬɪɢɰɚɦɢ [ ]nR  ɢ [ ]pR  
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ȿɫɥɢ ɨɩɨɪɧɵɟ ɫɟɱɟɧɢɹ ɪɚɫɩɨɥɨɠɟɧɵ ɭ ɨɞɧɨɣ ɢ ɬɨɣ ɠɟ ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ 
ɫɥɨɟɜ, ɦɚɬɪɢɰɵ ɩɨɥɭɱɚɸɬɫɹ ɨɞɢɧɚɤɨɜɵɦɢ, ɚ ɤɨɷɮɮɢɰɢɟɧɬɵ ɬɪɚɧɫɮɨɪɦɚɰɢɢ, 
ɤɚɤ ɩɨ ɬɨɤɭ, ɬɚɤ ɢ ɩɨ ɧɚɩɪɹɠɟɧɢɸ, ɫɬɚɧɨɜɹɬɫɹ ɪɚɜɧɵɦɢ ɟɞɢɧɢɰɟ. 
ɉɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɩɨɡɜɨɥɹɸɬ ɥɟɝɤɨ ɦɨɞɟɥɢɪɨɜɚɬɶ ɥɸɛɵɟ 
ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ ɫɥɨɢɫɬɵɟ ɫɬɪɭɤɬɭɪɵ ɫ ɩɪɨɢɡɜɨɥɶɧɵɦ ɱɢɫɥɨɦ ɫɥɨɟɜ. ɉɪɢ ɷɬɨɦ 
ɪɟɲɟɧɢɟ ɥɟɝɤɨ ɩɨɞɞɚɟɬɫɹ ɚɥɝɨɪɢɬɦɢɡɚɰɢɢ ɜ ɫɪɟɞɟ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ 
ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ Matlab, ɨɪɢɟɧɬɢɪɨɜɚɧɧɨɣ ɧɚ ɦɚɬɪɢɱɧɵɟ ɜɵɱɢɫɥɟɧɢɹ. 
1.7 ɉɪɟɞɫɬɚɜɥɟɧɢɟ ɩɪɨɞɨɥɶɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨɥɹ ɜ ɜɢɞɟ 
ɫɭɩɟɪɩɨɡɢɰɢɢ ɪɚɞɢɚɥɶɧɨ ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜɨɥɧ 
Ɂɚɩɢɫɚɧɧɵɟ ɜ ɩɪɟɞɵɞɭɳɢɯ ɪɚɡɞɟɥɚɯ ɜɵɪɚɠɟɧɢɹ ɩɨɡɜɨɥɹɸɬ ɜ ɪɚɦɤɚɯ 
ɦɨɞɟɥɢ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɪɚɞɢɚɥɶɧɵɯ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɦɚɬɪɢɱɧɨɝɨ ɩɨɞɯɨɞɚ ɪɟɲɢɬɶ ɲɢɪɨɤɢɣ ɤɪɭɝ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɯ ɡɚɞɚɱ. 
Ɂɚɤɥɸɱɢɬɟɥɶɧɵɦ ɷɬɚɩɨɦ ɜ ɪɟɲɟɧɢɢ ɹɜɥɹɟɬɫɹ ɡɚɩɢɫɶ ɜɵɪɚɠɟɧɢɣ ɞɥɹ ɪɚɫɱɟɬɚ 
ɜɫɟɯ ɤɨɦɩɨɧɟɧɬɨɜ ɧɚɩɪɹɠɟɧɧɨɫɬɟɣ ɦɚɝɧɢɬɧɨɝɨ ɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɟɣ, 
ɜɨɡɛɭɠɞɚɟɦɵɯ ɩɪɨɢɡɜɨɥɶɧɨ ɡɚɞɚɧɧɵɦɢ ɢɫɬɨɱɧɢɤɚɦɢ. ȼ ɤɚɱɟɫɬɜɟ ɬɚɤɢɯ 
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ɢɫɬɨɱɧɢɤɨɜ ɩɪɟɞɥɚɝɚɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɬɨɪɨɧɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɧɵɟ 
ɬɨɤɢ ɫ ɭɱɟɬɨɦ ɢɯ ɜɟɤɬɨɪɧɨɝɨ ɯɚɪɚɤɬɟɪɚ. 
ɐɢɥɢɧɞɪɢɱɟɫɤɚɹ ɫɬɪɭɤɬɭɪɚ ɩɨɡɜɨɥɹɟɬ ɩɪɟɞɫɬɚɜɢɬɶ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɟ ɩɨɥɟ 
ɜ ɜɢɞɟ ɧɚɥɨɠɟɧɢɹ ɞɜɭɯ ɪɟɲɟɧɢɣ: ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɦɚɝɧɢɬɧɵɯ ɜɨɥɧ 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ z ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ [64]. ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ 
ɢɫɩɨɥɶɡɨɜɚɧɧɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɪɚɡɥɨɠɟɧɢɹ ɷɬɢ ɜɨɥɧɵ ɦɨɝɭɬ ɩɪɟɞɫɬɚɜɥɹɬɶ 
ɫɨɛɨɣ ɛɟɫɤɨɧɟɱɧɵɣ ɫɩɟɤɬɪ ɩɥɨɫɤɨɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɜɨɥɧ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ 
ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɨɫɢ z ɜ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɟ ɫɬɨɪɨɧɵ ɨɬ ɢɫɬɨɱɧɢɤɚ, ɥɢɛɨ 
ɛɟɫɤɨɧɟɱɧɵɣ ɫɩɟɤɬɪ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɜɨɥɧ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜ ɪɚɞɢɚɥɶɧɨɦ 
ɧɚɩɪɚɜɥɟɧɢɢ [5].  
ɉɟɪɜɵɣ ɩɨɞɯɨɞ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ ɞɨɫɬɚɬɨɱɧɨ ɛɵɫɬɪɨ ɫɯɨɞɹɳɢɟɫɹ 
ɪɟɲɟɧɢɹ, ɨɞɧɚɤɨ ɫɤɨɪɨɫɬɶ ɫɯɨɞɢɦɨɫɬɢ ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɢɫɢɬ ɨɬ ɜɟɥɢɱɢɧɵ 
ɜɧɟɲɧɟɝɨ ɪɚɞɢɭɫɚ ɫɥɨɢɫɬɨɣ ɫɬɪɭɤɬɭɪɵ ɢ ɩɚɞɚɟɬ ɩɪɢ ɪɨɫɬɟ ɩɨɫɥɟɞɧɟɝɨ. ȼɬɨɪɨɣ 
ɩɨɞɯɨɞ, ɹɜɥɹɸɳɢɣɫɹ ɚɥɶɬɟɪɧɚɬɢɜɧɵɦ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɩɟɪɜɨɦɭ, ɩɨɡɜɨɥɹɟɬ 
ɞɨɫɬɚɬɨɱɧɨ ɥɟɝɤɨ ɜɵɞɟɥɢɬɶ ɜɤɥɚɞ ɞɢɫɤɪɟɬɧɵɯ (ɜɨɥɧɨɜɨɞɧɵɯ ɢ ɩɨɜɟɪɯɧɨɫɬɧɵɯ) 
ɜɨɥɧ ɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ (ɧɟɩɪɟɪɵɜɧɵɯ), ɨɞɧɚɤɨ ɫɯɨɞɢɦɨɫɬɶ ɩɨɥɭɱɚɟɦɵɯ 
ɪɟɲɟɧɢɣ ɨɤɚɡɵɜɚɟɬɫɹ ɯɭɠɟ. ɉɪɢ ɛɨɥɶɲɢɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɪɚɞɢɭɫɚɯ 
ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɪɚɡɥɨɠɟɧɢɟ ɩɨ 
ɫɩɟɤɬɪɭ ɚɡɢɦɭɬɚɥɶɧɵɯ ɜɨɥɧ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɦɟɬɨɞɚ ȼɚɬɫɨɧɚ [5]. ɉɪɨɛɥɟɦɚ 
ɫɯɨɞɢɦɨɫɬɢ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɜ ɫɜɹɡɢ ɫ ɪɟɡɤɢɦ ɭɜɟɥɢɱɟɧɢɟɦ ɫɤɨɪɨɫɬɢ 
ɤɨɦɩɶɸɬɟɪɧɵɯ ɜɵɱɢɫɥɟɧɢɣ ɩɟɪɟɫɬɚɥɚ ɛɵɬɶ ɮɚɤɬɨɪɨɦ, ɩɪɟɩɹɬɫɬɜɭɸɳɢɦ 
ɜɵɩɨɥɧɟɧɢɸ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɯ ɪɚɫɱɟɬɨɜ ɫɥɨɠɧɵɯ ɫɬɪɭɤɬɭɪ. ɉɨɷɬɨɦɭ 
ɫɭɳɟɫɬɜɟɧɧɨ ɪɚɫɲɢɪɢɥɫɹ ɤɪɭɝ ɪɟɲɚɟɦɵɯ ɡɚɞɚɱ.  
ɋ ɬɨɱɤɢ ɡɪɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɪɨɫɬɨɬɵ ɚɧɚɥɢɬɢɱɟɫɤɢɯ ɜɵɪɚɠɟɧɢɣ 
ɩɪɢɨɪɢɬɟɬ ɜ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɨɬɞɚɧ ɪɚɡɥɨɠɟɧɢɸ ɩɨɥɹ ɩɨ ɫɩɟɤɬɪɭ ɪɚɞɢɚɥɶɧɨ 
ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜɨɥɧ. ɇɢɠɟ ɜɵɜɨɞɹɬɫɹ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ 
ɤɨɦɩɨɧɟɧɬɨɜ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɧɨɫɬɟɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɩɪɢ 
ɩɪɨɢɡɜɨɥɶɧɨɣ ɨɪɢɟɧɬɚɰɢɢ ɢ ɦɟɫɬɨɩɨɥɨɠɟɧɢɢ ɢɫɬɨɱɧɢɤɨɜ, ɱɢɫɥɟ ɫɥɨɟɜ ɢ ɜɢɞɟ 
ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɨɛɥɚɫɬɢ. 
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ɉɭɫɬɶ ɧɨɦɟɪ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɢɫɬɨɱɧɢɤɚ, p , ɚ ɧɨɦɟɪ ɫɥɨɹ ɫ 
ɬɨɱɤɨɣ ɧɚɛɥɸɞɟɧɢɹ – n . ɋɩɟɤɬɪɚɥɶɧɵɟ ɩɥɨɬɧɨɫɬɢ ɪɚɡɥɨɠɟɧɢɹ ɩɪɨɞɨɥɶɧɵɯ 
ɤɨɦɩɨɧɟɧɬɨɜ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ ɫɥɟɞɭɸɳɢɦ 
ɨɛɪɚɡɨɦ 
( ) ( ) ( ) ' '1 21 , , , ; , , , , ; , ' ,2
E E jm jhz
zmh
V
E r j r r z m h r r z m h e e dvϕ
′
ª º′ ′ ′ ′ ′ ′= − Φ ϕ + Φ ϕ³ ¬ ¼π  (1.130)
( ) ( ) ( ) ' '1 21 , , , ; , , , , ; , ' ,2
H H jm jhz
zmh
V
H r j r r z m h r r z m h e e dvϕ
′
ª º′ ′ ′ ′ ′ ′= − Φ ϕ + Φ ϕ³ ¬ ¼π  (1.131)
ɝɞɟ ɧɚ ɨɫɧɨɜɚɧɢɢ (1.82), (1.83) ɩɨɥɭɱɚɟɦ 
( ) ( ) ( )1 (1) (2)01 2 2 ',, ', ,
'
V
E pn pE
p E n E p p p
pEp
dV r rTk V r r V r r R R
drYk h
ª º« »Φ = ωε +
− « »¬ ¼
I
 (1.132)
( ) ( ) ( )1 (3) (4)02 2 2 ',, ', ,
'
I
EH pn pE C
p nEH EH n EH p p p
pHp
dI r rTk Z V r r I r r R R
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− « »¬ ¼
I
 (1.133)
( ) ( ) ( )1 (3) (4)01 2 2 ',, ', ,
'
I
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dI r rTk I r r I r r R R
drZk h
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− « »¬ ¼
I
 (1.134)
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− « »¬ ¼
I
 (1.135)
ɂɧɬɟɝɪɢɪɨɜɚɧɢɟ ɜ (1.130) – (1.131) ɜɵɩɨɥɧɹɟɬɫɹ ɩɨ ɨɛɥɚɫɬɢ V ′ , ɡɚɧɢɦɚɟɦɨɣ 
ɢɫɬɨɱɧɢɤɚɦɢ ɩɨɥɹ. 
Ɍɨɤɨɜɵɟ ɮɭɧɤɰɢɢ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ (1.35), (1.36) ɢ (1.46), (1.47) 
ɪɚɫɫɱɢɬɵɜɚɟɦ ɬɚɤ 
( ) ( ) ( )
2 2
(1) ɗ ɗ Ɇ
, , , , , , ,
'
p
p Z r
p p
k h jm hR J r z J r z J r zj r ϕ
§ ·
−
′ ′ ′ ′ ′ ′ ′ ′ ′= ϕ + ϕ − ϕ¨ ¸¨ ¸ωε ωε© ¹
 (1.136)
( ) ( )(2) ɗ Ɇ, , , , ,p r r
p
hR J r z J r z′ ′ ′ ′ ′ ′= ϕ + ϕ
ωε
 (1.137)
( ) ( ) ( )
2 2
(3) Ɇ Ɇ ɗ
, , , , , , ,
'
p
p Z r
p p
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§ ·
−
′ ′ ′ ′ ′ ′ ′ ′ ′= ϕ + ϕ + ϕ¨ ¸¨ ¸ωμ ωμ© ¹
 (1.138)
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( ) ( )(4) Ɇ ɗ, , , , ,p r
p
hR J r z J r zϕ′ ′ ′ ′ ′ ′= ϕ − ϕ
ωμ
 (1.139)
ɝɞɟ ɗiJ – i-ɹ ɤɨɦɩɨɧɟɧɬɚ ɫɬɨɪɨɧɧɟɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ, ɚ ɆiJ  – i-ɹ ɤɨɦɩɨɧɟɧɬɚ 
ɫɬɨɪɨɧɧɟɝɨ ɦɚɝɧɢɬɧɨɝɨ ɬɨɤɚ. 
Ɂɚɩɢɫɶ ɜɵɪɚɠɟɧɢɣ ɞɥɹ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɧɚɩɪɹɠɟɧɢɣ ɢ ɬɨɤɨɜ  ɜ E- ɢ H-
ɥɢɧɢɹɯ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɩɪɢ ɜɵɱɢɫɥɟɧɢɹɯ ɩɨ ɮɨɪɦɭɥɚɦ (1.132) – (1.135), 
ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɢɫɢɬ ɨɬ ɜɡɚɢɦɧɨɝɨ ɪɚɫɩɨɥɨɠɟɧɢɹ ɬɨɱɟɤ ɢɫɬɨɱɧɢɤɚ r′  ɢ 
ɧɚɛɥɸɞɟɧɢɹ r  (ɪɢɫ. 1.23).  
ɉɭɫɬɶ ɢɦɟɸɬɫɹ ɞɜɚ ɫɥɨɹ ɫ ɧɨɦɟɪɚɦɢ p ɢ q, ɩɪɢɱɟɦ ɩɭɫɬɶ p q< . ȼ 
ɩɨɫɥɟɞɭɸɳɢɯ ɮɨɪɦɭɥɚɯ ɢɧɞɟɤɫɨɦ n ɨɬɦɟɱɟɧɵ ɩɚɪɚɦɟɬɪɵ, ɫɜɹɡɚɧɧɵɟ ɫɨ ɫɥɨɟɦ, 
ɫɨɞɟɪɠɚɳɢɦ ɬɨɱɤɭ ɧɚɛɥɸɞɟɧɢɹ, ɢɧɞɟɤɫɨɦ i − ɩɚɪɚɦɟɬɪɵ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ 
ɬɨɱɤɭ ɢɫɬɨɱɧɢɤɚ. ȼ (1.132) – (1.135) ɩɪɢɧɹɬɵ ɫɥɟɞɭɸɳɢɟ ɨɛɨɡɧɚɱɟɧɢɹ:  
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Ⱦɥɹ ɧɚɩɪɹɠɟɧɢɹ ɜ E-ɥɢɧɢɢ ɞɥɹ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɢɫɬɨɱɧɢɤɚ, ɢɦɟɟɦ 
( ) ( )( )1
', , ' ɪɢɫ. 1.29 ,  ,  ,  ,
',
', , ' ɪɢɫ. 1.29 ,  ,  ,  .
E p
E i
E q
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­ <°
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ɇɚɩɪɹɠɟɧɢɟ ɜ E-ɥɢɧɢɢ ɞɥɹ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɧɚɛɥɸɞɟɧɢɹ 
( ) ( )( )
1, , ' ɪɢɫ. 1.29 ,  ,  ,  ,
,
, , ' ɪɢɫ. 1.29 ,  ,  ,  .
E q
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−
­ <°
= ®
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Ɍɨɤ ɜ H-ɥɢɧɢɢ ɞɥɹ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɢɫɬɨɱɧɢɤɚ 
( ) ( )( )1
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−
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Ɍɨɤ ɜ H-ɥɢɧɢɢ ɞɥɹ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɧɚɛɥɸɞɟɧɢɹ 
( ) ( )( )
1, , ' ɪɢɫ. 1.29 ,  ,  ,  ,
,
, , ' ɪɢɫ. 1.29 ,  ,  ,  .
H q
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H p
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−
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Ɍɨɤ ɜ H-ɥɢɧɢɢ ɞɥɹ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɢɫɬɨɱɧɢɤɚ, ɩɪɢ ɪɚɫɱɟɬɟ 
ɜɥɢɹɧɢɹ H-ɥɢɧɢɢ ɧɚ ɧɚɩɪɹɠɟɧɢɟ ɜ E-ɥɢɧɢɢ 
( ) ( )( )
1
1 1
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ɇɚɩɪɹɠɟɧɢɟ ɜ E-ɥɢɧɢɢ ɞɥɹ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɢɫɬɨɱɧɢɤɚ, 
ɧɚɜɟɞɟɧɧɨɟ H-ɥɢɧɢɟɣ  
( ) ( )( )
1 1
1 1
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,
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V r r
V r r r r ɛ ɝ ɠ ɡ
− −
− −
­ >°
= ®
<°¯
G
H  (1.145)
ɇɚɩɪɹɠɟɧɢɟ ɜ E-ɥɢɧɢɢ ɞɥɹ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɢɫɬɨɱɧɢɤɚ, ɩɪɢ 
ɪɚɫɱɟɬɟ ɜɥɢɹɧɢɹ E-ɥɢɧɢɢ ɧɚ ɬɨɤ ɜ H-ɥɢɧɢɢ 
( ) ( )( )
1
1 1
', , ' ɪɢɫ. 1.29 ,  ,  ,  ,
',
', , ' ɪɢɫ. 1.29 ,  ,  ,  .
E p q
HE i
E q q
V r r r r ɚ ɜ ɞ ɟ
V r r
V r r r r ɛ ɝ ɠ ɡ
−
− −
­ <°
= ®
>°¯
H
G  (1.146)
Ɍɨɤ ɜ H-ɥɢɧɢɢ ɞɥɹ ɫɥɨɹ, ɫɨɞɟɪɠɚɳɟɝɨ ɬɨɱɤɭ ɧɚɛɥɸɞɟɧɢɹ, ɧɚɜɟɞɟɧɧɵɣ E- 
ɥɢɧɢɟɣ 
( ) ( )( )
1 1
1 1
, , ɪɢɫ. 1.29 ,  ,  ,  ,
,
, , ɪɢɫ. 1.29 ,  ,  ,  .
H q q
HE n
H q q
I r r r r ɚ ɜ ɞ ɟ
I r r
I r r r r ɛ ɝ ɠ ɡ
− −
− −
­ >°
= ®
<°¯
G
H  (1.147)
 
 
r r′
r
pr 1qr −
,p pε μ ,q qε μ
r′  r  
r
pr 1qr −
,p pε μ  ,q qε μ  
 
ɚ 
r r′> , ɜ ɪɚɡɧɵɯ ɫɥɨɹɯ  
ɢ ɪɚɡɧɵɟ ɨɩɨɪɧɵɟ ɝɪɚɧɢɰɵ 
ɛ 
r r′< , ɜ ɪɚɡɧɵɯ ɫɥɨɹɯ  
ɢ ɪɚɡɧɵɟ ɨɩɨɪɧɵɟ ɝɪɚɧɢɰɵ 
 
r′  r
r  
1p qr r −=
,p pε μ  ,q qε μ
r r′
r
,p pε μ ,q qε μ
1p qr r −=
 
ɜ 
r r′> , ɜ ɪɚɡɧɵɯ ɫɥɨɹɯ, ɧɨ ɨɞɧɚ 
ɨɩɨɪɧɚɹ ɝɪɚɧɢɰɚ (ɫɦɟɠɧɚɹ) 
ɝ 
r r′< , ɜ ɪɚɡɧɵɯ ɫɥɨɹɯ, ɧɨ ɨɞɧɚ 
ɨɩɨɪɧɚɹ ɝɪɚɧɢɰɚ (ɫɦɟɠɧɚɹ) 
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r′ r  
r  
1p qr r −=
,p pε μ ,q qε μ  
r r′
r
,p pε μ ,q qε μ
1p qr r −=
 
ɞ 
r r′> , ɜ ɨɞɧɨɦ ɫɥɨɟ, ɢ ɨɞɧɚ 
ɨɩɨɪɧɚɹ ɝɪɚɧɢɰɚ ( , pr r r′ < ) 
ɟ 
r r′< , ɜ ɨɞɧɨɦ ɫɥɨɟ, ɢ ɨɞɧɚ 
ɨɩɨɪɧɚɹ ɝɪɚɧɢɰɚ ( , pr r r′ < ) 
 
r′ r  
r  
1p qr r −=
,p pε μ ,q qε μ  
r r′
r
,p pε μ ,q qε μ
1p qr r −=
 
ɠ 
r r′> , ɜ ɨɞɧɨɦ ɫɥɨɟ, ɢ ɨɞɧɚ 
ɨɩɨɪɧɚɹ ɝɪɚɧɢɰɚ  ( , pr r r′ > ) 
ɡ 
r r′< , ɜ ɨɞɧɨɦ ɫɥɨɟ, ɢ ɨɞɧɚ 
ɨɩɨɪɧɚɹ ɝɪɚɧɢɰɚ  ( , pr r r′ > ) 
Ɋɢɫ. 1.23 ȼɨɡɦɨɠɧɵɟ ɜɚɪɢɚɧɬɵ ɩɨɥɨɠɟɧɢɹ ɬɨɱɟɤ ɢɫɬɨɱɧɢɤɚ ɢ ɧɚɛɥɸɞɟɧɢɹ 
ȼ ɡɚɩɢɫɚɧɧɵɯ ɜɵɲɟ ɜɵɪɚɠɟɧɢɹɯ ɧɨɪɦɢɪɨɜɚɧɧɵɟ ɧɚɩɪɹɠɟɧɢɹ ɢ ɬɨɤɢ 
ɨɩɪɟɞɟɥɹɸɬɫɹ ɬɚɤ 
( ) ( ) ( )2 0 2
0
1
, , , ,
p
E p m p p p m p p p pE
p p
V x r C x r jZ S x r Y
k r
β
= γ γ − γ γ
′ε
H H
 (1.148)
( ) ( ) ( )1 2 1 0 2 1 1
0 1
1
, , , ,
q
E q m q q q m q q q q E
q q
V y r C y r jZ S y r Y
k r− − − −
−
β
= γ γ + γ γ
′ε
G G
 (1.149)
( ) ( ) ( )2 0 2
0
1
, , , ,
p
H p m p p p m p p p pH
p p
I x r C x r jY S x r Z
k r
β
= γ γ − γ γ
′ε
H H
 (1.150)
( ) ( ) ( )1 2 1 0 2 1 1
0 1
1
, , , .
q
H q m q q q m q q q q H
p q
I y r C y r jY S y r Z
k r− − − −
−
β
= γ γ + γ γ
′ε
G G
 (1.151)
ȼɯɨɞɧɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɢ ɩɪɨɜɨɞɢɦɨɫɬɶ ɧɚɝɪɭɠɟɧɧɨɣ ɥɢɧɢɢ ɜɥɟɜɨ ɨɬ 
ɫɟɱɟɧɢɹ rp ɩɪɢ ɪɚɡɥɢɱɧɨɦ ɩɨɥɨɠɟɧɢɢ ɨɩɨɪɧɨɝɨ ɫɟɱɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɝɪɚɧɢɰɵ 
ɪɚɡɞɟɥɚ ɧɚɯɨɞɹɬɫɹ ɢɡ ɜɵɪɚɠɟɧɢɣ 
, ,
,
, .
pH pE p
pH pE
pH pE p
Z Y x r
Z Y
Z Y x r
− −
+ +
­ <°
= ®
>°¯
H H
H H
H H  (1.152)
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ȼɯɨɞɧɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɢ ɩɪɨɜɨɞɢɦɨɫɬɶ ɧɚɝɪɭɠɟɧɧɨɣ ɥɢɧɢɢ ɜɩɪɚɜɨ ɨɬ 
ɫɟɱɟɧɢɹ 1qr −  ɩɪɢ ɪɚɡɥɢɱɧɨɦ ɩɨɥɨɠɟɧɢɢ ɨɩɨɪɧɨɝɨ ɫɟɱɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨ 
ɝɪɚɧɢɰɵ ɪɚɡɞɟɥɚ ɢɦɟɸɬ ɜɢɞ 
1 1 1
1 1
1 1 1
, ,
,
, .
q H q E q
q H q E
q H q E q
Z Y y r
Z Y
Z Y y r
+ +
− − −
− −
− −
− − −
­ >°
= ®
<°¯
G G
G G
G G  (1.153)
ȼɡɚɢɦɧɵɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɡɚɩɢɲɟɦ ɬɚɤ 
1 1 1
1
, ' ɪɢɫ. 1.29 ,  ,  ,  ,
,
, ' ɪɢɫ. 1.29 ,  ,  ,  .
C C
q HE q EH qC C
nHE nEH C C
p HE p EH q
Y Z r r ɚ ɜ ɞ ɟ
Y Z
Y Z r r ɛ ɝ ɠ ɡ
− − −
−
­ <°
= ®
>°¯
G G
H H  (1.154)
ɋɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɜɹɡɢ ɜɫɟɝɞɚ ɨɩɪɟɞɟɥɹɸɬɫɹ ɧɚ ɨɩɨɪɧɨɣ 
ɝɪɚɧɢɰɟ, ɫɨɞɟɪɠɚɳɟɣ ɬɨɱɤɭ ɧɚɛɥɸɞɟɧɢɹ. 
Ɉɫɬɚɥɶɧɵɟ ɫɩɟɤɬɪɚɥɶɧɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ ɩɨɥɹ ɦɨɝɭɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ 
ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ [5]: 
2 2
1
,
n zmh
mh zmh
n n
mh j dHE E
r drϕ
ωμ
=− +
γ γ
 
 (1.155)
2 2
1
,
n zmh
mh zmh
n n
j dE mhH H
dr rϕ
ωε
=− −
γ γ
 
 (1.156)
2 2 ,
zmh n
rmh zmh
n n
jh dE mE H
dr r
ωμ
=− −
γ γ
 
 (1.157)
2 2 .
n zmh
rmh zmh
n n
m mh dHH E
r dr
ωε
= −
γ γ
 
 (1.158)
Ʉɨɦɩɨɧɟɧɬɵ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɨɩɪɟɞɟɥɹɸɬɫɹ ɫ ɩɨɦɨɳɶɸ 
ɨɛɪɚɬɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ Ɏɭɪɶɟ ɫɜɨɢɯ ɫɩɟɤɬɪɚɥɶɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ: 
( ) ( )1, , ,
2
jm jhz
i imh
m
E r z e E r e dh
∞∞
− ϕ −
=−∞
−∞
ϕ = ¦ ³
π
 (1.159)
( ) ( )1, , .
2
jm jhz
i imh
m
H r z e H r e dh
∞∞
− ϕ −
=−∞
−∞
ϕ = ¦ ³
π
 (1.160)
ɉɪɢ ɢɧɬɟɝɪɢɪɨɜɚɧɢɢ ɜ (1.159), (1.160) ɦɨɝɭɬ ɜɨɡɧɢɤɧɭɬɶ ɨɩɪɟɞɟɥɟɧɧɵɟ 
ɫɥɨɠɧɨɫɬɢ, ɟɫɥɢ ɜɛɥɢɡɢ ɜɟɳɟɫɬɜɟɧɧɨɣ ɨɫɢ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɩɨ ɩɟɪɟɦɟɧɧɨɣ h 
ɨɤɚɠɭɬɫɹ ɬɨɱɤɢ ɫɢɧɝɭɥɹɪɧɨɫɬɢ ɩɨɞɵɧɬɟɝɪɚɥɶɧɨɣ ɮɭɧɤɰɢɢ ɬɢɩɚ ɩɨɥɸɫɨɜ 
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ɩɟɪɜɨɝɨ ɩɨɪɹɞɤɚ. ȼɤɥɚɞ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɪɚɫɩɪɨɫɬɪɚɧɹɬɶɫɹ ɜ 
ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɫɬɪɭɤɬɭɪɟ, ɫɜɹɡɚɧ ɫ ɩɨɹɜɥɟɧɢɟɦ ɩɨɥɸɫɨɜ ɩɨɞɵɧɬɟɝɪɚɥɶɧɨɣ 
ɮɭɧɤɰɢɢ (1.132)-(1.135). ɉɨɥɨɠɟɧɢɟ ɷɬɢɯ ɩɨɥɸɫɨɜ ɧɚ ɩɥɨɫɤɨɫɬɢ ɤɨɦɩɥɟɤɫɧɨɝɨ 
ɩɟɪɟɦɟɧɧɨɝɨ ɦɨɠɟɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɨ ɢɡ ɪɟɲɟɧɢɹ ɫɥɟɞɭɸɳɢɯ ɭɪɚɜɧɟɧɢɣ:  
( ) ( ), , 0pH pHm h m hZ Z+ =H G , 
( ) ( ), , 0pE pEm h m hY Y+ =H G , 
(1.161)
ɤɨɬɨɪɵɟ ɧɚɡɵɜɚɸɬɫɹ ɭɫɥɨɜɢɹɦɢ ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ [65]. 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɪɟɲɟɧɚ ɡɚɞɚɱɚ ɪɚɫɱɟɬɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ 
ɦɧɨɝɨɫɥɨɣɧɨɣ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɟ ɩɪɢ ɩɪɨɢɡɜɨɥɶɧɨ ɡɚɞɚɧɧɵɯ 
ɫɬɨɪɨɧɧɢɯ ɬɨɤɚɯ. Ɉɩɪɟɞɟɥɢɬɶ ɜɫɟ ɤɨɦɩɨɧɟɧɬɵ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɦɨɠɧɨ ɜ 
ɥɸɛɨɦ ɫɥɨɟ, ɩɪɢɱɟɦ ɛɟɡ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɩɨɥɧɨɝɨ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ. ɍɱɢɬɵɜɚɸɬɫɹ 
ɜɫɟ ɜɨɡɦɨɠɧɵɟ ɤɨɦɩɨɧɟɧɬɵ ɫɬɨɪɨɧɧɢɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɦɚɝɧɢɬɧɵɯ ɬɨɤɨɜ. 
ɗɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɫɪɟɞ ɦɨɝɭɬ ɛɵɬɶ ɩɪɨɢɡɜɨɥɶɧɵɦɢ. 
ɂɡɥɨɠɟɧɧɵɣ ɦɟɬɨɞ ɩɨɡɜɨɥɹɟɬ ɪɟɲɢɬɶ ɲɢɪɨɤɢɣ ɤɪɭɝ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɯ ɡɚɞɚɱ, ɬɚɤɢɯ ɤɚɤ ɡɚɞɚɱɢ ɜɨɥɧɨɜɨɞɧɨɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ, 
ɡɚɞɚɱɢ ɢɡɥɭɱɟɧɢɹ ɜɨɥɧ ɢ ɡɚɞɚɱɢ ɞɢɮɪɚɤɰɢɢ. 
Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɞɚɧɧɨɣ ɝɥɚɜɵ ɨɬɪɚɠɟɧɵ ɜ ɩɭɛɥɢɤɚɰɢɹɯ [80-83, 89, 
95, 99]. 
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ȽɅȺȼȺ 2 ȺɇȺɅɂɁ ɗɄɊȺɇɂɊɈȼȺɇɇɕɏ ɐɂɅɂɇȾɊɂɑȿɋɄɂɏ 
ɇȺɉɊȺȼɅəɘɓɂɏ ɋɌɊɍɄɌɍɊ 
Ɋɚɡɪɚɛɨɬɚɧɧɵɣ ɜ ɩɪɟɞɵɞɭɳɟɣ ɝɥɚɜɟ ɦɟɬɨɞ ɩɨɡɜɨɥɹɟɬ ɩɪɨɢɡɜɟɫɬɢ ɚɧɚɥɢɡ 
ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɥɸɛɵɯ ɪɟɝɭɥɹɪɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɪɚɞɢɚɥɶɧɨ ɤɭɫɨɱɧɨ-
ɧɟɨɞɧɨɪɨɞɧɵɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɬɪɭɤɬɭɪ, ɱɚɫɬɧɵɦ ɫɥɭɱɚɟɦ ɤɨɬɨɪɵɯ ɹɜɥɹɸɬɫɹ 
ɤɪɭɝɥɵɟ ɦɟɬɚɥɥɢɱɟɫɤɢɟ ɜɨɥɧɨɜɨɞɵ ɫɨ ɫɥɨɢɫɬɵɦ ɦɚɝɧɢɬɨ-ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ 
ɡɚɩɨɥɧɟɧɢɟɦ. ɂɯ ɚɧɚɥɢɡɭ ɩɨɫɜɹɳɟɧɨ ɦɧɨɠɟɫɬɜɨ ɪɚɛɨɬ, ɫɚɦɵɦɢ ɤɪɭɩɧɵɦɢ ɢɡ 
ɤɨɬɨɪɵɯ ɹɜɥɹɸɬɫɹ [8, 9, 12]. ȼ ɨɬɥɢɱɢɟ ɨɬ ɷɬɢɯ ɦɨɧɨɝɪɚɮɢɣ, ɜ ɪɚɛɨɬɟ 
ɩɪɟɞɥɚɝɚɟɬɫɹ ɞɥɹ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɨɩɪɟɞɟɥɟɧɢɹ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ (ɩɨɫɬɨɹɧɧɵɯ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ) ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɷɤɪɚɧɢɪɨɜɚɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ 
ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɬɪɭɤɬɭɪ ɢɫɩɨɥɶɡɨɜɚɬɶ ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɭɧɢɜɟɪɫɚɥɶɧɵɣ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɣ ɦɟɬɨɞ, ɞɥɹ ɩɨɞɬɜɟɪɠɞɟɧɢɹ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɤɨɬɨɪɨɝɨ ɜ 
ɞɚɧɧɨɣ ɝɥɚɜɟ: 
1) ɜɵɜɨɞɹɬɫɹ ɫɨɨɬɧɨɲɟɧɢɹ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɜ ɤɪɭɝɥɨɦ 
ɦɟɬɚɥɥɢɱɟɫɤɨɦ ɜɨɥɧɨɜɨɞɟ ɫ ɧɟɨɞɧɨɪɨɞɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ (ɪɚɡɞɟɥ 2.1),  
2) ɫɨɫɬɚɜɥɟɧɚ ɩɪɨɝɪɚɦɦɚ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɤɪɭɝɥɨɝɨ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ ɪɚɞɢɚɥɶɧɨ-ɧɟɨɞɧɨɪɨɞɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ 
(ɪɚɡɞɟɥ 2.2),  
3) ɩɪɢɜɨɞɹɬɫɹ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɩɨ ɜɵɜɟɞɟɧɧɵɦ ɫɨɨɬɧɨɲɟɧɢɹɦ 
ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɚɧɚɥɢɡɢɪɭɟɦɨɣ ɫɬɪɭɤɬɭɪɵ (ɪɚɡɞɟɥɵ 2.3, 2.4) ɢ ɢɯ ɫɪɚɜɧɟɧɢɟ ɫ ɢɡɜɟɫɬɧɵɦɢ 
ɱɚɫɬɧɵɦɢ ɫɥɭɱɚɹɦɢ,  
4) ɜ ɤɨɧɰɟ ɝɥɚɜɵ ɤɪɚɬɤɨ ɮɨɪɦɭɥɢɪɭɸɬɫɹ ɞɨɫɬɢɝɧɭɬɵɟ ɪɟɡɭɥɶɬɚɬɵ. 
2.1 ȼɵɜɨɞ ɨɫɧɨɜɧɵɯ ɪɚɫɱɟɬɧɵɯ ɫɨɨɬɧɨɲɟɧɢɣ 
Ⱦɥɹ ɢɥɥɸɫɬɪɚɰɢɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɦɟɬɨɞɚ ɜɵɜɟɞɟɦ ɫɨɨɬɧɨɲɟɧɢɹ ɞɥɹ 
ɪɚɫɱɟɬɚ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɜ ɤɪɭɝɥɨɦ ɦɟɬɚɥɥɢɱɟɫɤɨɦ ɜɨɥɧɨɜɨɞɟ ɫ ɬɪɟɯɫɥɨɣɧɵɦ 
ɡɚɩɨɥɧɟɧɢɟɦ (ɪɢɫ. 2.1). ȼɵɛɨɪ ɤɨɥɢɱɟɫɬɜɚ ɫɥɨɟɜ ɨɛɭɫɥɨɜɥɟɧ ɨɬɧɨɫɢɬɟɥɶɧɨɣ 
ɩɪɨɫɬɨɬɨɣ ɜɵɜɨɞɚ ɫɨɨɬɧɨɲɟɧɢɣ ɢ, ɜ ɬɨ ɠɟ ɜɪɟɦɹ, ɲɢɪɨɤɢɦɢ ɜɨɡɦɨɠɧɨɫɬɹɦɢ 
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ɤɚɤ ɞɥɹ ɫɪɚɜɧɟɧɢɹ ɫ ɫɭɳɟɫɬɜɭɸɳɢɦɢ ɞɚɧɧɵɦɢ ɜ ɢɡɜɟɫɬɧɵɯ ɱɚɫɬɧɵɯ ɫɥɭɱɚɹɯ, 
ɬɚɤ ɢ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɤɚɱɟɫɬɜɟɧɧɨ ɧɨɜɵɯ ɪɟɡɭɥɶɬɚɬɨɜ. Ɉɬɦɟɬɢɦ ɩɪɢ ɷɬɨɦ, ɱɬɨ 
ɩɪɢɧɰɢɩɢɚɥɶɧɨ ɜɨɡɦɨɠɧɨɟ ɱɢɫɥɨ ɫɥɨɟɜ ɚɧɚɥɢɡɢɪɭɟɦɨɣ ɫɬɪɭɤɬɭɪɵ ɧɟ 
ɨɝɪɚɧɢɱɟɧɨ. 
 
Ɋɢɫ. 2.1 ɉɨɩɟɪɟɱɧɨɟ ɫɟɱɟɧɢɟ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫɨ ɫɥɨɢɫɬɵɦ ɡɚɩɨɥɧɟɧɢɟɦ 
ȼ ɤɚɱɟɫɬɜɟ ɨɩɨɪɧɨɝɨ ɫɟɱɟɧɢɹ ɩɪɢ ɜɵɜɨɞɟ ɢɫɤɨɦɵɯ ɫɨɨɬɧɨɲɟɧɢɣ ɦɨɠɧɨ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɥɸɛɨɟ ɪɚɞɢɚɥɶɧɨɟ ɫɟɱɟɧɢɟ. Ⱦɥɹ ɩɪɨɫɬɨɬɵ ɢɫɩɨɥɶɡɭɟɦ ɫɟɱɟɧɢɟ 
1pr r
−
= (ɫ ɥɟɜɨɣ ɫɬɨɪɨɧɵ ɨɬ ɜɧɭɬɪɟɧɧɟɣ ɝɪɚɧɢɰɵ). 
ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ (1.108), (1.109), (1.112), (1.113) ɤɨɧɰɟɜɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ 
ɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɞɥɹ ɇ ɢ ȿ–ɥɢɧɢɣ ɞɥɹ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɫɥɭɱɚɹ ɢɦɟɸɬ ɜɢɞ: 
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S k r k r
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, (2.4)
ɝɞɟ 2 0i i i ih kβ = ε μ − = γ – ɩɨɩɟɪɟɱɧɚɹ ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ i-ɦ ɫɥɨɟ, 
ɧɨɪɦɢɪɨɜɚɧɧɚɹ ɤ ɜɨɥɧɨɜɨɦɭ ɱɢɫɥɭ ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ 0
0
2 2 fk
c
π π
= =
λ
; 
U
UU
ˢ˩ ˢ˩ ˢ˩
55 
 
0
0 ɥ ɮɥ
h ch
k V
λ
= = =
λ

 – ɩɪɨɞɨɥɶɧɚɹ ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɜɨɥɧɨɜɨɞɟ, 
ɧɨɪɦɢɪɨɜɚɧɧɚɹ ɤ ɜɨɥɧɨɜɨɦɭ ɱɢɫɥɭ ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ; 
ɥλ  – ɞɥɢɧɚ ɜɨɥɧɵ ɜ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ; 
ɮɥV  – ɮɚɡɨɜɚɹ ɫɤɨɪɨɫɬɶ ɜɨɥɧɵ ɜ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ; 
0
0
0
120Z μ= = π
ε
Ɉɦ – ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɜɨɛɨɞɧɨɝɨ 
ɩɪɨɫɬɪɚɧɫɬɜɚ; 
0
0
1Y
Z
=  – ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ. 
ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ (1.124) – (1.127) ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ 
ɩɪɨɜɨɞɢɦɨɫɬɟɣ «ɜɩɪɚɜɨ» ɨɬ ɨɩɨɪɧɨɣ ɬɨɱɤɢ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɬɚɤɢɦ ɨɛɪɚɡɨɦ: 
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ɝɞɟ  
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C E E H H
NEH
E E E
Y R Y Z R R R ZZ
R R Y Y R Y R
− − + +
+ − +
+ + +
= −
+ + +
H H G G   G G H G     – ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɜɹɡɢ; 
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− − + +
+ − +
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H H G G   G G H G     – ɩɪɨɜɨɞɢɦɨɫɬɶ ɫɜɹɡɢ; 
[ ] [ ]21 2R Cª ºª º = Γ Γ¬ ¼ ¬ ¼
G
 – ɦɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ ɱɟɪɟɡ ɫɥɨɣ ɢ ɞɜɟ ɝɪɚɧɢɰɵ; 
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 – ɦɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ ɩɟɪɜɨɣ ɝɪɚɧɢɰɵ; 
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 – ɦɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ ɜɬɨɪɨɣ ɝɪɚɧɢɰɵ; 
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G  – ɦɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ ɫɪɟɞɧɟɝɨ ɫɥɨɹ; 
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ɩɟɪɟɞɚɱɢ ɫɪɟɞɧɟɝɨ ɫɥɨɹ ȿ-ɥɢɧɢɢ; 
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G
 – ɦɚɬɪɢɰɚ 
ɩɟɪɟɞɚɱɢ ɫɪɟɞɧɟɝɨ ɫɥɨɹ ɇ–ɥɢɧɢɢ. 
ɇɨɪɦɢɪɨɜɚɧɧɵɟ ɩɨɫɬɨɹɧɧɵɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɨɩɪɟɞɟɥɹɸɬɫɹ ɢɡ ɭɫɥɨɜɢɣ 
ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ [65]: 
( ) ( )1 1 0H HZ h Z h− −+ =H G  , 
( ) ( )1 1 0E EY h Y h− −+ =H G  . (2.7)
ɉɟɪɜɨɟ ɭɫɥɨɜɢɟ ɹɜɥɹɟɬɫɹ ɭɫɥɨɜɢɟɦ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɞɥɹ ɇ–ɜɨɥɧ, ɜɬɨɪɨɟ – ɞɥɹ 
ȿ–ɜɨɥɧ. Ⱦɥɹ ɝɢɛɪɢɞɧɵɯ ɜɨɥɧ ɭɫɥɨɜɢɹ ɜɵɩɨɥɧɹɸɬɫɹ ɨɞɧɨɜɪɟɦɟɧɧɨ. 
ɉɪɢ ɱɢɫɥɟɧɧɨɦ ɪɟɲɟɧɢɢ ɭɪɚɜɧɟɧɢɣ (2.7), ɜ ɨɬɧɨɲɟɧɢɹɯ 1
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m
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ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɜɵɪɚɡɢɬɶ ɮɭɧɤɰɢɢ C1m, C2m, S1m, S2m ɱɟɪɟɡ ɮɭɧɤɰɢɢ Ȼɟɫɫɟɥɹ 
ɩɟɪɜɨɝɨ ɢ ɬɪɟɬɶɟɝɨ ɪɨɞɚ (ɮɭɧɤɰɢɢ Ƚɚɧɤɟɥɹ 2-ɝɨ ɬɢɩɚ). Ɍɚɤɢɟ ɦɚɧɢɩɭɥɹɰɢɢ 
ɧɟɨɛɯɨɞɢɦɵ, ɬ.ɤ. ɮɭɧɤɰɢɢ C1m, C2m, S1m, S2m ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɵɯ ɡɧɚɱɟɧɢɹɯ 
ɚɪɝɭɦɟɧɬɨɜ ɩɪɢɧɢɦɚɸɬ ɨɱɟɧɶ ɦɚɥɟɧɶɤɢɟ ɡɧɚɱɟɧɢɹ, ɢ ɩɪɢ ɪɚɫɱɟɬɟ ɨɬɧɨɲɟɧɢɣ 
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 ɜɨɡɧɢɤɚɟɬ ɡɚɦɟɬɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ. Ⱦɥɹ ɭɫɬɪɚɧɟɧɢɹ ɷɬɨɣ ɩɨɝɪɟɲɧɨɫɬɢ 
ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɢɫɩɨɥɶɡɭɸɬɫɹ ɫɥɟɞɭɸɳɢɟ ɜɵɪɚɠɟɧɢɹ: 
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Ɂɚɦɟɬɢɦ, ɱɬɨ ɜɵɪɚɠɟɧɢɹ (2.8)-(2.11) ɛɭɞɭɬ ɫɩɪɚɜɟɞɥɢɜɵ ɬɨɥɶɤɨ ɩɪɢ ɪɚɫɱɟɬɟ 
ɨɬɧɨɲɟɧɢɣ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɮɭɧɤɰɢɣ Ʉɨɲɢ, ɢ ɧɟɥɶɡɹ ɢɯ ɩɪɢɦɟɧɹɬɶ ɩɪɢ 
ɪɚɫɱɟɬɟ ɫɚɦɢɯ ɮɭɧɤɰɢɣ, ɬ.ɤ. ɩɪɢ ɢɯ ɜɵɜɨɞɟ ɞɥɹ ɭɩɪɨɳɟɧɢɹ ɛɵɥɢ ɫɨɤɪɚɳɟɧɵ ɜɫɟ 
ɤɨɷɮɮɢɰɢɟɧɬɵ. 
ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ ɭɫɥɨɜɢɹ ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ 
ɫɥɨɠɧɵɟ ɬɪɚɧɫɰɟɧɞɟɧɬɧɵɟ ɭɪɚɜɧɟɧɢɹ. ȼ ɥɟɜɨɣ ɱɚɫɬɢ ɭɪɚɜɧɟɧɢɣ (2.7) ɧɚɯɨɞɢɬɫɹ 
ɮɭɧɤɰɢɹ, ɩɟɪɟɦɟɧɧɵɦɢ ɤɨɬɨɪɨɣ ɹɜɥɹɸɬɫɹ ɩɚɪɚɦɟɬɪɵ ɫɥɨɟɜ, ɚɡɢɦɭɬɚɥɶɧɵɣ 
ɢɧɞɟɤɫ ɜɨɥɧɵ m, ɩɪɨɞɨɥɶɧɚɹ ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɥɢɧɢɢ ɢ ɱɚɫɬɨɬɚ 
(ɢɥɢ ɞɥɢɧɚ ɜɨɥɧɵ ɜ ɫɜɨɛɨɞɧɨɦ ɩɪɨɫɬɪɚɧɫɬɜɟ).  
ȼ ɫɥɭɱɚɟ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ, ɡɚɩɨɥɧɟɧɧɨɝɨ ɢɞɟɚɥɶɧɵɦ ɞɢɷɥɟɤɬɪɢɤɨɦ, ɷɬɚ 
ɮɭɧɤɰɢɹ ɨɤɚɡɵɜɚɟɬɫɹ ɜɟɳɟɫɬɜɟɧɧɨɣ, ɯɨɬɹ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɨɧɚ ɦɨɠɟɬ ɩɪɢɧɢɦɚɬɶ 
ɢ ɤɨɦɩɥɟɤɫɧɵɟ ɡɧɚɱɟɧɢɹ.  
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Ɉɬɦɟɬɢɦ, ɱɬɨ ɩɪɢɜɟɞɟɧɧɵɣ ɦɟɬɨɞ ɩɨɡɜɨɥɹɟɬ ɦɚɤɫɢɦɚɥɶɧɨ ɛɵɫɬɪɨ 
ɨɩɪɟɞɟɥɢɬɶ ɩɨɫɬɨɹɧɧɵɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ, ɧɚɩɪɢɦɟɪ, ɜ ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ ɫ 
ɨɞɧɨɪɨɞɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ. Ⱦɥɹ ɷɬɨɝɨ ɫɥɭɱɚɹ ɫɞɟɥɚɟɦ ɫɥɟɞɭɸɳɢɟ ɡɚɦɟɧɵ: 
1 2 3 1 2 3 1 2 3, , ; , , ; , , .r r r r→ ε ε ε → ε μ μ μ → μ  
Ɍɨɝɞɚ ɭɫɥɨɜɢɹ ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ ɡɚɩɢɫɵɜɚɸɬɫɹ ɜ ɜɢɞɟ: 
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Ɉɬɤɭɞɚ ɞɥɹ ɇ-ɜɨɥɧ 
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ɝɞɟ Șmn – n-ɣ ɤɨɪɟɧɶ ɩɟɪɜɨɣ ɩɪɨɢɡɜɨɞɧɨɣ ɮɭɧɤɰɢɢ Ȼɟɫɫɟɥɹ m-ɝɨ ɩɨɪɹɞɤɚ. Ⱦɥɹ 
ȿ–ɜɨɥɧ 
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ɝɞɟ ȟmn – n-ɣ ɤɨɪɟɧɶ ɮɭɧɤɰɢɢ Ȼɟɫɫɟɥɹ m-ɝɨ ɩɨɪɹɞɤɚ. 
Ⱦɥɹ ɩɪɨɞɨɥɶɧɨɣ ɩɨɫɬɨɹɧɧɨɣ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ: 
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ɉɨɞɬɜɟɪɠɞɟɧɢɟɦ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɦɟɬɨɞɚ ɩɪɢ ɩɟɪɟɯɨɞɟ ɤ ɨɞɧɨɪɨɞɧɨɦɭ 
ɡɚɩɨɥɧɟɧɢɸ ɫɥɭɠɢɬ ɬɨ, ɱɬɨ ɩɨɥɭɱɟɧɧɵɟ ɜɵɲɟ ɮɨɪɦɭɥɵ (2.13)-(2.15) 
ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɮɨɪɦɭɥɚɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɢɡ ɩɪɹɦɨɝɨ ɪɟɲɟɧɢɹ ɨɞɧɨɪɨɞɧɨɝɨ 
ɭɪɚɜɧɟɧɢɹ Ƚɟɥɶɦɝɨɥɶɰɚ, ɩɪɢ ɧɚɥɨɠɟɧɢɢ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ [66]. 
Ⱦɥɹ ɫɪɚɜɧɟɧɢɹ ɫ ɢɡɜɟɫɬɧɵɦ ɱɚɫɬɵɦ ɫɥɭɱɚɟɦ ɞɥɹ ɨɫɟɫɢɦɦɟɬɪɢɱɧɵɯ ɜɨɥɧ 
ɞɜɭɯɫɥɨɣɧɨɝɨ ɜɨɥɧɨɜɨɞɚ [7] ɡɚɩɢɲɟɦ ɭɪɚɜɧɟɧɢɹ ɜ ɞɜɭɯɫɥɨɣɧɨɦ ɜɨɥɧɨɜɨɞɟ. ɉɪɢ 
ɷɬɨɦ ɜ (2.1-2.6) ɧɟɨɛɯɨɞɢɦɨ ɩɪɨɢɡɜɟɫɬɢ ɫɥɟɞɭɸɳɢɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ: 
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Ɂɚɦɟɬɢɦ, ɱɬɨ ɜ [7] ɪɚɫɱɟɬɧɵɟ ɫɨɨɬɧɨɲɟɧɢɹ ɩɪɢɜɟɞɟɧɵ ɬɨɥɶɤɨ ɞɥɹ 
ɨɫɟɫɢɦɦɟɬɪɢɱɧɵɯ ɜɨɥɧ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɞɥɹ ɫɪɚɜɧɟɧɢɹ ɧɭɠɧɨ ɩɪɢɧɹɬɶ 0m = , ɢɡ 
ɱɟɝɨ ɫɥɟɞɭɟɬ 
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Ɍɨɝɞɚ ɭɫɥɨɜɢɹ ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ ɡɚɩɢɫɵɜɚɸɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ:  
1 2 1 20; 0.H H E EZ Z Y Y
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Ɉɬɤɭɞɚ ɥɟɝɤɨ ɩɨɥɭɱɢɬɶ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɇ–ɜɨɥɧ 
1 1 1 0 1 2 10 2 0 1 2 0 1
1 0 1 0 1 2 20 2 0 1 2 0 1
( ) ( , ) 0( ) ( , )
J k r S k r k r
J k r C k r k r
μ β μ β β
− + =β β β β β  (2.16)
ɢ ɞɥɹ ȿ–ɜɨɥɧ  
1 1 1 0 1 2 10 2 0 1 2 0 1
1 0 1 0 1 2 20 2 0 1 2 0 1
( ) ( , ) 0( ) ( , )
J k r C k r k r
J k r S k r k r
ε β ε β β
+ =β β β β β , (2.17)
ɩɨɥɧɨɫɬɶɸ ɫɨɜɩɚɞɚɸɳɢɟ ɫ ɭɪɚɜɧɟɧɢɹɦɢ, ɩɪɢɜɟɞɟɧɧɵɦɢ ɜ [7]. 
2.2 Ɋɚɫɱɟɬ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɉɨɢɫɤ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɜɨɥɧɨɜɨɞɨɜ ɢɦɟɟɬ ɜɚɠɧɨɟ 
ɩɪɚɤɬɢɱɟɫɤɨɟ ɧɚɡɧɚɱɟɧɢɟ – ɡɧɚɹ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɜɨɥɧ ɦɨɠɧɨ ɜɵɛɪɚɬɶ 
ɪɚɛɨɱɢɣ ɬɢɩ ɜɨɥɧɵ ɢ ɩɨɞɨɛɪɚɬɶ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɭɫɬɪɨɣɫɬɜɨ ɜɨɡɛɭɠɞɟɧɢɹ. 
ȿɫɥɢ ɜɨɥɧɨɜɨɞ ɷɤɫɩɥɭɚɬɢɪɭɟɬɫɹ ɧɚ ɨɩɪɟɞɟɥɟɧɧɨɣ ɦɨɞɟ, ɬɨ ɟɟ ɤɪɢɬɢɱɟɫɤɚɹ 
ɱɚɫɬɨɬɚ ɢ ɤɪɢɬɢɱɟɫɤɚɹ ɱɚɫɬɨɬɚ ɫɥɟɞɭɸɳɟɣ ɜɵɫɲɟɣ ɦɨɞɵ ɨɩɪɟɞɟɥɹɟɬ ɪɚɛɨɱɢɣ 
ɞɢɚɩɚɡɨɧ ɱɚɫɬɨɬ ɥɢɧɢɢ. 
ɉɪɢ ɪɚɫɱɟɬɟ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɮɭɧɤɰɢɹ ɜ ɥɟɜɨɣ 
ɱɚɫɬɢ ɭɪɚɜɧɟɧɢɣ (2.7) ɧɟɫɤɨɥɶɤɨ ɭɩɪɨɳɚɟɬɫɹ, ɬ.ɤ. ɮɨɪɦɭɥɢɪɭɟɬɫɹ ɡɚɞɚɱɚ, 
ɫɯɨɠɚɹ (ɦɚɬɟɦɚɬɢɱɟɫɤɢ) ɫ ɡɚɞɚɱɟɣ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɟɫɢɦɦɟɬɪɢɱɧɵɯ ɜɨɥɧ ɢ 
ɦɨɠɧɨ ɩɪɢɧɹɬɶ ɩɟɪɟɯɨɞɵ, ɚɧɚɥɨɝɢɱɧɵɟ ɪɚɫɫɦɨɬɪɟɧɧɵɦ ɜ ɩɪɟɞɵɞɭɳɟɦ ɪɚɡɞɟɥɟ, 
ɚ ɢɦɟɧɧɨ: 
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ȼ ɪɚɦɤɚɯ ɪɚɛɨɬɵ ɛɵɥɚ ɧɚɩɢɫɚɧɚ ɩɪɨɝɪɚɦɦɚ ɞɥɹ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ 
ɱɚɫɬɨɬ ɩɟɪɜɵɯ 10-ɬɢ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ, ɡɚɩɨɥɧɟɧɧɨɝɨ 
ɬɪɟɯɫɥɨɣɧɵɦ ɢɞɟɚɥɶɧɵɦ ɦɚɝɧɢɬɨ-ɞɢɷɥɟɤɬɪɢɤɨɦ. 
ɋɭɳɟɫɬɜɟɧɧɨɣ ɜ ɞɚɧɧɨɣ ɡɚɞɚɱɟ ɹɜɥɹɟɬɫɹ ɩɪɨɛɥɟɦɚ ɤɥɚɫɫɢɮɢɤɚɰɢɢ 
ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɜɨɥɧɨɜɨɞɚ. Ɍɚɤɠɟ ɛɨɥɶɲɨɟ ɡɧɚɱɟɧɢɟ ɩɪɢɨɛɪɟɬɚɟɬ ɜɨɩɪɨɫ 
ɤɥɚɫɫɢɮɢɤɚɰɢɢ ɜɨɥɧ ɩɪɢ ɪɟɲɟɧɢɢ ɡɚɞɚɱ ɞɢɮɪɚɤɰɢɢ ɧɚ ɫɬɵɤɚɯ ɧɚɩɪɚɜɥɹɸɳɢɯ 
ɫɢɫɬɟɦ, ɤɨɝɞɚ ɧɟɨɛɯɨɞɢɦɚ ɩɪɚɜɢɥɶɧɚɹ ɢɞɟɧɬɢɮɢɤɚɰɢɹ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɫɨɩɪɹɝɚɟɦɵɯ ɨɬɪɟɡɤɨɜ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ. 
ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɧɚɢɛɨɥɟɟ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɜɚ ɩɪɢɧɰɢɩɚ 
ɤɥɚɫɫɢɮɢɤɚɰɢɢ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ. 
1. Ʉɥɚɫɫɢɮɢɤɚɰɢɹ, ɨɬɪɚɠɚɸɳɚɹ ɜ ɨɛɨɡɧɚɱɟɧɢɹɯ ɬɢɩɨɜ ɜɨɥɧ ɫɨɨɬɧɨɲɟɧɢɟ 
ɜɟɥɢɱɢɧ ɩɨɩɟɪɟɱɧɵɯ ɢɥɢ ɩɪɨɞɨɥɶɧɵɯ ɤɨɦɩɨɧɟɧɬ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ 
(ɜɨɥɧɵ Ɍ, H, E, LE, LM). Ⱦɥɹ ɨɛɨɡɧɚɱɟɧɢɹ ɝɢɛɪɢɞɧɵɯ ɜɨɥɧ ɨɛɵɱɧɨ 
ɢɫɩɨɥɶɡɭɸɬɫɹ ɫɢɦɜɨɥɵ ɇȿ ɢ ȿɇ. ɉɪɢɧɚɞɥɟɠɧɨɫɬɶ ɝɢɛɪɢɞɧɨɣ ɜɨɥɧɵ ɬɨɦɭ ɢɥɢ 
ɢɧɨɦɭ ɬɢɩɭ, ɤɚɤ ɩɪɚɜɢɥɨ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɭɬɟɦ ɩɪɟɞɟɥɶɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ 
ɩɚɪɚɦɟɬɪɨɜ ɡɚɩɨɥɧɟɧɢɹ ɜɨɥɧɨɜɨɞɚ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɤɨɬɨɪɵɯ ɇȿ-ɜɨɥɧɚ 
ɩɪɟɨɛɪɚɡɭɟɬɫɹ ɜ ɇ-ɜɨɥɧɭ, ɚ ȿɇ-ɜɨɥɧɚ – ɜ ȿ-ɜɨɥɧɭ ɨɞɧɨɪɨɞɧɨ ɡɚɩɨɥɧɟɧɧɨɝɨ 
ɜɨɥɧɨɜɨɞɚ. ɂɧɞɟɤɫɵ ɩɪɢ ɨɛɨɡɧɚɱɟɧɢɢ ɬɢɩɨɜ ɜɨɥɧ ɨɛɵɱɧɨ ɭɤɚɡɵɜɚɸɬ ɧɚ 
ɯɚɪɚɤɬɟɪ ɢɡɦɟɧɟɧɢɹ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɧɨɫɬɟɣ ɩɨɥɹ ɜɞɨɥɶ ɩɨɩɟɪɟɱɧɵɯ 
ɤɨɨɪɞɢɧɚɬ. 
2. Ʉɥɚɫɫɢɮɢɤɚɰɢɹ ɬɢɩɨɜ ɜɨɥɧ ɩɨ ɫɨɨɬɧɨɲɟɧɢɸ ɧɚɩɪɚɜɥɟɧɢɣ ɮɚɡɨɜɨɣ ɢ 
ɝɪɭɩɩɨɜɨɣ ɫɤɨɪɨɫɬɟɣ, ɪɚɡɥɢɱɚɸɳɚɹ ɩɪɹɦɵɟ ɢ ɨɛɪɚɬɧɵɟ ɜɨɥɧɵ. ɉɪɹɦɵɦɢ 
ɧɚɡɵɜɚɸɬ ɜɨɥɧɵ, ɭ ɤɨɬɨɪɵɯ ɮɚɡɨɜɵɟ ɢ ɝɪɭɩɩɨɜɵɟ ɫɤɨɪɨɫɬɢ ɧɚɩɪɚɜɥɟɧɵ ɜ ɨɞɧɭ 
ɫɬɨɪɨɧɭ. ȼɨɥɧɵ ɫ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɦɢ ɧɚɩɪɚɜɥɟɧɢɹɦɢ ɮɚɡɨɜɨɣ ɢ ɝɪɭɩɩɨɜɨɣ 
ɫɤɨɪɨɫɬɟɣ ɧɚɡɵɜɚɸɬ ɨɛɪɚɬɧɵɦɢ [67]. 
ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɢɫɩɨɥɶɡɨɜɚɧɚ ɤɥɚɫɫɢɮɢɤɚɰɢɹ ɩɟɪɜɨɝɨ ɬɢɩɚ, ɬ.ɤ. ɜɬɨɪɨɣ 
ɩɪɢɧɰɢɩ ɤɥɚɫɫɢɮɢɤɚɰɢɢ ɢɫɩɨɥɶɡɭɟɬɫɹ, ɜ ɨɫɧɨɜɧɨɦ ɞɥɹ ɩɟɪɢɨɞɢɱɟɫɤɢɯ 
ɫɬɪɭɤɬɭɪ. ȼ ɞɚɧɧɨɣ ɠɟ ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɬɨɥɶɤɨ ɪɟɝɭɥɹɪɧɵɟ 
ɧɚɩɪɚɜɥɹɸɳɢɟ ɫɢɫɬɟɦɵ. 
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ɂɧɬɟɪɮɟɣɫ ɩɪɨɝɪɚɦɦɵ ɩɪɢɜɟɞɟɧ ɧɚ ɪɢɫ. 2.2. ɉɪɨɝɪɚɦɦɚ ɧɚɩɢɫɚɧɚ ɫ 
ɩɨɦɨɳɶɸ ɩɚɤɟɬɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ Matlab. 
ɉɪɨɝɪɚɦɦɚ ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɟ ɮɭɧɤɰɢɢ: 
− ɨɩɪɟɞɟɥɟɧɢɟ ɩɨɪɹɞɤɚ ɫɥɟɞɨɜɚɧɢɹ ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜɨɥɧ; 
− ɨɩɪɟɞɟɥɟɧɢɟ ɬɢɩɨɜ ɝɢɛɪɢɞɧɵɯ ɜɨɥɧ; 
− ɪɚɫɱɟɬ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ; 
− ɡɚɩɨɦɢɧɚɧɢɟ ɩɨɫɥɟɞɧɟɝɨ ɪɟɡɭɥɶɬɚɬɚ ɞɥɹ ɫɪɚɜɧɟɧɢɹ; 
− ɢɧɞɢɤɚɰɢɹ ɩɪɨɝɪɟɫɫɚ ɪɚɫɱɟɬɚ. 
ȼɯɨɞɧɵɟ ɩɚɪɚɦɟɬɪɵ: 
1. Ɉɬɧɨɫɢɬɟɥɶɧɵɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɧɵɟ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɫɥɨɟɜ 
1 1 2 2 3 3, , , , ,ε μ ε μ ε μ . 
2. Ɋɚɞɢɭɫɵ ɫɥɨɟɜ r1, r2, r3. 
 
Ɋɢɫ. 2.2 ɂɧɬɟɪɮɟɣɫ ɩɪɨɝɪɚɦɦɵ 
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3. Ɇɚɤɫɢɦɚɥɶɧɚɹ ɱɚɫɬɨɬɚ ɞɥɹ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ. Ɉɧɚ ɨɩɪɟɞɟɥɹɟɬ 
ɬɨɱɧɨɫɬɶ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ. ȿɫɥɢ ɩɪɢ ɪɚɫɱɟɬɟ ɡɚɞɚɧɚ ɫɥɢɲɤɨɦ ɦɚɥɚɹ 
ɦɚɤɫɢɦɚɥɶɧɚɹ ɱɚɫɬɨɬɚ, ɬɨ ɧɟɤɨɬɨɪɵɟ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɜɵɫɲɢɯ ɬɢɩɨɜ ɧɟ 
ɛɭɞɭɬ ɨɩɪɟɞɟɥɟɧɵ. Ɍɚɤɠɟ ɟɫɥɢ ɡɚɞɚɧɚ ɫɥɢɲɤɨɦ ɛɨɥɶɲɚɹ ɦɚɤɫɢɦɚɥɶɧɚɹ ɱɚɫɬɨɬɚ, 
ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɦɨɝɭɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ ɫ ɧɢɡɤɨɣ ɬɨɱɧɨɫɬɶɸ ɢɥɢ ɠɟ 
ɨɩɪɟɞɟɥɟɧɵ ɜɨɜɫɟ ɧɟɩɪɚɜɢɥɶɧɨ (ɧɟ ɛɭɞɟɬ ɧɚɣɞɟɧ ɧɭɠɧɵɣ ɤɨɪɟɧɶ 
ɬɪɚɧɫɰɟɧɞɟɧɬɧɨɝɨ ɭɪɚɜɧɟɧɢɹ). 
Ⱦɥɹ ɭɫɬɪɚɧɟɧɢɹ ɷɬɨɝɨ ɧɟɞɨɫɬɚɬɤɚ ɩɪɟɞɥɚɝɚɟɬɫɹ ɩɨɫɥɟ ɩɪɢɛɥɢɠɟɧɧɨɝɨ 
ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɡɚɞɚɬɶ ɜ ɤɚɱɟɫɬɜɟ ɦɚɤɫɢɦɚɥɶɧɨɣ ɱɚɫɬɨɬɵ ɧɟɫɤɨɥɶɤɨ 
ɛɨɥɶɲɟɟ ɡɧɚɱɟɧɢɟ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɢɧɬɟɪɟɫɭɸɳɟɝɨ ɬɢɩɚ ɜɨɥɧɵ. ɗɬɨ 
ɩɨɡɜɨɥɢɬ ɭɜɟɥɢɱɢɬɶ ɬɨɱɧɨɫɬɶ ɪɚɫɱɟɬɚ ɢ ɢɫɩɪɚɜɢɬɶ ɜɨɡɦɨɠɧɵɟ ɨɲɢɛɤɢ ɩɪɢ 
ɧɚɯɨɠɞɟɧɢɢ ɤɨɪɧɟɣ ɭɪɚɜɧɟɧɢɹ. 
4. Ʉɨɥɢɱɟɫɬɜɨ ɬɨɱɟɤ ɩɪɢ ɪɚɫɱɟɬɟ. ɗɬɨɬ ɩɚɪɚɦɟɬɪ ɬɚɤɠɟ ɨɩɪɟɞɟɥɹɟɬ 
ɬɨɱɧɨɫɬɶ ɪɚɫɱɟɬɨɜ. ɑɟɦ ɜɵɲɟ ɧɟɨɛɯɨɞɢɦɚɹ ɬɨɱɧɨɫɬɶ (ɦɟɧɶɲɟ ɩɨɝɪɟɲɧɨɫɬɶ), 
ɬɟɦ ɛɨɥɶɲɢɦ ɧɟɨɛɯɨɞɢɦɨ ɭɫɬɚɧɚɜɥɢɜɚɬɶ ɤɨɥɢɱɟɫɬɜɨ ɬɨɱɟɤ ɩɪɢ ɪɚɫɱɟɬɟ. Ɍɚɤ ɠɟ 
ɷɬɨɬ ɩɚɪɚɦɟɬɪ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɜɥɢɹɟɬ ɧɚ ɜɪɟɦɹ ɪɚɫɱɟɬɚ: ɱɟɦ ɛɨɥɶɲɟ ɬɨɱɟɤ, ɬɟɦ 
ɞɨɥɶɲɟ ɩɪɨɢɡɜɨɞɢɬɫɹ ɪɚɫɱɟɬ. 
ɉɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
max
2 p
f
n
Δ =
⋅
, (2.18)
ɝɞɟ fmax – ɦɚɤɫɢɦɚɥɶɧɚɹ ɪɚɫɱɟɬɧɚɹ ɱɚɫɬɨɬɚ, np – ɤɨɥɢɱɟɫɬɜɨ ɬɨɱɟɤ. 
ȼɵɯɨɞɧɵɟ ɩɚɪɚɦɟɬɪɵ: 
1. Ɍɢɩɵ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɜ ɩɨɪɹɞɤɟ ɜɨɡɛɭɠɞɟɧɢɹ. 
2. Ʉɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɞɥɹ ɷɬɢɯ ɬɢɩɨɜ ɜɨɥɧ. 
3. Ɂɧɚɱɟɧɢɹ ɩɨ ɩ. 1-2, ɜɡɹɬɵɟ ɢɡ ɩɪɟɞɵɞɭɳɟɝɨ ɪɚɫɱɟɬɚ. 
ɉɪɨɝɪɚɦɦɚ ɧɚɩɢɫɚɧɚ ɩɨ ɦɨɞɭɥɶɧɨɦɭ ɩɪɢɧɰɢɩɭ. Ɏɭɧɤɰɢɢ ɨɩɪɟɞɟɥɟɧɧɵɯ 
ɦɨɞɭɥɟɣ ɩɪɢɜɟɞɟɧɵ ɧɢɠɟ:  
− ɩɟɪɜɵɣ ɦɨɞɭɥɶ ɨɬɜɟɱɚɟɬ ɡɚ ɪɚɫɱɟɬ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɫ 
ɨɩɪɟɞɟɥɟɧɧɵɦɢ ɚɡɢɦɭɬɚɥɶɧɵɦ ɢ ɪɚɞɢɚɥɶɧɵɦ ɢɧɞɟɤɫɚɦɢ; 
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− ɜɨ ɜɬɨɪɨɦ ɦɨɞɭɥɟ ɩɪɨɢɫɯɨɞɢɬ ɫɨɪɬɢɪɨɜɤɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɩɨ 
ɜɨɡɪɚɫɬɚɧɢɸ ɢ ɫɨɪɬɢɪɨɜɤɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɢɦ ɬɢɩɨɜ ɜɨɥɧ; 
− ɜ ɬɪɟɬɶɟɦ ɦɨɞɭɥɟ ɨɩɪɟɞɟɥɹɸɬɫɹ ɬɢɩɵ ɝɢɛɪɢɞɧɵɯ ɜɨɥɧ – ȿɇ ɢɥɢ ɇȿ. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɩɪɢ ɪɟɲɟɧɢɢ ɭɪɚɜɧɟɧɢɹ, ɨɩɢɫɵɜɚɸɳɟɝɨ ɭɫɥɨɜɢɹ 
ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ (2.7) ɧɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɬɚɤɢɟ ɦɟɬɨɞɵ, ɤɚɤ ɥɢɧɟɣɧɚɹ ɢ 
ɤɜɚɞɪɚɬɢɱɧɚɹ ɢɧɬɟɪɩɨɥɹɰɢɹ, ɦɟɬɨɞ ɇɶɸɬɨɧɚ, ɦɟɬɨɞ ɢɬɟɪɚɰɢɣ [68], ɫɩɥɚɣɧ-
ɢɧɬɟɪɩɨɥɹɰɢɹ ɢ ɞɪ., ɬ.ɤ. ɷɬɢ ɦɟɬɨɞɵ ɩɨɡɜɨɥɹɸɬ ɧɚɣɬɢ ɭɬɨɱɧɟɧɧɨɟ ɡɧɚɱɟɧɢɟ 
ɤɨɪɧɹ, ɩɪɢ ɢɡɜɟɫɬɧɨɦ ɡɧɚɱɟɧɢɢ ɤɨɪɧɹ ɜ ɝɪɭɛɨɦ ɩɪɢɛɥɢɠɟɧɢɢ. ɇɚ ɜɫɟ ɷɬɢ 
ɦɟɬɨɞɵ ɧɚɤɥɚɞɵɜɚɸɬɫɹ ɨɩɪɟɞɟɥɟɧɧɵɟ ɨɝɪɚɧɢɱɟɧɢɹ, ɧɚɩɪɢɦɟɪ, ɬɪɟɛɨɜɚɧɢɟ ɧɟ 
ɪɚɜɟɧɫɬɜɚ ɧɭɥɸ ɩɟɪɜɨɣ ɩɪɨɢɡɜɨɞɧɨɣ ɜ ɬɨɱɤɟ ɩɟɪɟɫɟɱɟɧɢɹ ɮɭɧɤɰɢɟɣ ɨɫɢ ɚɛɫɰɢɫɫ 
ɜ ɦɟɬɨɞɟ ɇɶɸɬɨɧɚ ɢɥɢ ɬɪɟɛɨɜɚɧɢɟ ɩɟɪɟɦɟɧɵ ɡɧɚɤɚ ɧɚ ɢɧɬɟɪɜɚɥɟ ɩɨɢɫɤɚ ɜ 
ɦɟɬɨɞɟ ɥɢɧɟɣɧɨɣ ɢɧɬɟɪɩɨɥɹɰɢɢ ɢ ɬ.ɞ. ȼɨ-ɩɟɪɜɵɯ, ɷɬɢ ɨɝɪɚɧɢɱɟɧɢɹ ɧɟ 
ɩɨɡɜɨɥɹɸɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɛɨɥɶɲɢɧɫɬɜɨ ɩɨɞɨɛɧɵɯ ɦɟɬɨɞɨɜ. ȼɨ-ɜɬɨɪɵɯ, ɩɪɢ 
ɪɟɲɟɧɢɢ ɭɪɚɜɧɟɧɢɹ (2.7) ɫɥɨɠɧɨɫɬɶ ɩɪɟɞɫɬɚɜɥɹɟɬ ɞɚɠɟ ɨɩɪɟɞɟɥɟɧɢɟ ɝɪɭɛɵɯ 
ɩɪɢɛɥɢɠɟɧɢɣ ɡɧɚɱɟɧɢɣ ɤɨɪɧɟɣ ɮɭɧɤɰɢɢ. Ⱦɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɧɟɨɛɯɨɞɢɦɨɣ 
ɞɨɫɬɨɜɟɪɧɨɫɬɢ ɪɚɫɱɟɬɨɜ ɷɬɚ ɡɚɞɚɱɚ ɪɟɲɚɟɬɫɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɢɧɮɨɪɦɚɰɢɢ ɨ 
ɯɚɪɚɤɬɟɪɧɵɯ ɨɫɨɛɟɧɧɨɫɬɹɯ ɮɭɧɤɰɢɢ, ɢ, ɡɚɱɚɫɬɭɸ, ɪɟɲɟɧɢɟ ɧɟ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ 
ɜɨɡɦɨɠɧɵɦ ɛɟɡ ɡɧɚɧɢɹ ɷɬɢɯ ɨɫɨɛɟɧɧɨɫɬɟɣ. ɉɨɷɬɨɦɭ ɨɫɧɨɜɧɭɸ ɞɨɥɸ 
ɩɨɝɪɟɲɧɨɫɬɢ ɫɨɫɬɚɜɥɹɟɬ ɩɨɝɪɟɲɧɨɫɬɶ ɞɢɫɤɪɟɬɢɡɚɰɢɢ ɢɫɫɥɟɞɭɟɦɨɣ ɮɭɧɤɰɢɢ ɩɪɢ 
ɪɚɫɱɟɬɟ. 
ȼɩɨɫɥɟɞɫɬɜɢɢ ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ ɢɡɦɟɧɟɧɢɟ ɩɪɨɝɪɚɦɦɵ, ɩɨɡɜɨɥɹɸɳɟɟ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɟɟ, ɧɚɩɪɢɦɟɪ, ɞɥɹ ɩɨɢɫɤɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɜ ɧɚɩɪɚɜɥɹɸɳɢɯ 
ɫɢɫɬɟɦɚɯ ɫ ɩɨɬɟɪɹɦɢ. Ɇɨɞɟɪɧɢɡɚɰɢɹ ɩɪɨɝɪɚɦɦɵ ɜɨɡɦɨɠɧɚ ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, 
ɛɥɚɝɨɞɚɪɹ ɦɨɞɭɥɶɧɨɦɭ ɩɪɢɧɰɢɩɭ ɨɪɝɚɧɢɡɚɰɢɢ ɚɥɝɨɪɢɬɦɚ. 
Ⱦɥɹ ɨɪɝɚɧɢɡɚɰɢɢ ɩɨɢɫɤɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɜ ɫɬɪɭɤɬɭɪɚɯ, ɫɨɞɟɪɠɚɳɢɯ 
ɧɟɢɞɟɚɥɶɧɵɣ ɞɢɷɥɟɤɬɪɢɤ ɢ ɩɪɨɜɨɞɧɢɤɢ ɫ ɤɨɧɟɱɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɶɸ ɢɥɢ 
ɦɚɬɟɪɢɚɥɵ ɫ ɩɚɪɚɦɟɬɪɚɦɢ, ɡɚɞɚɧɧɵɦɢ ɜ ɜɢɞɟ ɬɟɧɡɨɪɚ (ɧɚɦɚɝɧɢɱɟɧɧɵɟ 
ɮɟɪɪɢɬɵ), ɧɟɨɛɯɨɞɢɦɨ ɛɭɞɟɬ ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɬɶ ɦɨɞɭɥɶ ɩɨɢɫɤɚ ɤɪɢɬɢɱɟɫɤɢɯ 
ɱɚɫɬɨɬ. Ɍɚɤɠɟ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɤɨɥɢɱɟɫɬɜɚ ɫɥɨɟɜ ɜ ɢɫɫɥɟɞɭɟɦɨɣ ɫɬɪɭɤɬɭɪɟ, 
ɩɪɢɞɟɬɫɹ ɭɫɨɜɟɪɲɟɧɫɬɜɨɜɚɬɶ ɬɨɥɶɤɨ ɬɨɬ ɠɟ ɦɨɞɭɥɶ, ɬ.ɤ. ɫɨɫɬɚɜ ɫɩɟɤɬɪɚ 
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ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɨɫɬɚɧɟɬɫɹ ɬɟɦ ɠɟ. Ɍɚɤɚɹ ɨɪɝɚɧɢɡɚɰɢɹ ɜɵɱɢɫɥɢɬɟɥɶɧɨɝɨ 
ɚɥɝɨɪɢɬɦɚ ɢɥɥɸɫɬɪɢɪɭɟɬ ɭɞɨɛɫɬɜɨ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɦɨɞɟɥɢ ɷɤɜɢɜɚɥɟɧɬɧɵɯ 
ɪɚɞɢɚɥɶɧɵɯ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɞɥɹ ɚɥɝɨɪɢɬɦɢɡɚɰɢɢ ɪɚɫɱɟɬɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɥɢɧɢɣ 
ɩɟɪɟɞɚɱɢ. 
2.3 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɷɤɪɚɧɢɪɨɜɚɧɧɵɯ ɜɨɥɧɨɜɨɞɨɜ 
ɉɪɢ ɩɪɢɦɟɧɟɧɢɢ ɨɞɧɨɦɨɞɨɜɵɯ ɜɨɥɧɨɜɨɞɨɜ ɜ ɤɚɱɟɫɬɜɟ ɮɢɞɟɪɧɵɯ ɬɪɚɤɬɨɜ, 
ɧɢɠɧɟɣ ɝɪɚɧɢɰɟɣ ɪɚɛɨɱɟɝɨ ɞɢɚɩɚɡɨɧɚ ɱɚɫɬɨɬ ɫɱɢɬɚɸɬ ɤɪɢɬɢɱɟɫɤɭɸ ɱɚɫɬɨɬɭ 
ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ fɤɪ.ɨ.(ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɞɥɢɧɚ ɜɨɥɧɵ Ȝɤɪ.ɨ.), ɚ ɜɟɪɯɧɟɣ – 
ɤɪɢɬɢɱɟɫɤɭɸ ɱɚɫɬɨɬɭ ɩɟɪɜɨɝɨ ɜɵɫɲɟɝɨ ɬɢɩɚ fɤɪ.ɜ.(ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɞɥɢɧɚ ɜɨɥɧɵ 
Ȝɤɪ.ɜ.). Ɍɨɝɞɚ ɧɚɢɛɨɥɶɲɢɦ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɩɟɪɟɤɪɵɬɢɹ ɪɚɛɨɱɟɝɨ ɞɢɚɩɚɡɨɧɚ 
ɱɚɫɬɨɬ (ɞɥɢɧ ɜɨɥɧ) Ɍɦ ɧɚɡɵɜɚɟɬɫɹ ɨɬɧɨɲɟɧɢɟ  
Ɍɦ = fɤɪ.ɜ./ fɤɪ.ɨ.= Ȝɤɪ.ɨ./ Ȝɤɪ.ɜ.. (2.19)
Ⱦɥɹ ɤɪɭɝɥɵɯ ɜɨɥɧɨɜɨɞɨɜ ɩɪɢɦɟɧɹɟɬɫɹ ɪɚɛɨɱɢɣ ɤɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɤɪɵɬɢɹ  
Ɍɪ = 0,975 fɤɪ.ɜ./1,1 fɤɪ.ɨ. = 0,886Ɍɦ . (2.20)
ȼ ɯɨɞɟ ɪɚɛɨɬɵ ɛɵɥɢ ɪɚɫɫɱɢɬɚɧɵ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɟɪɜɵɯ ɲɟɫɬɢ ɬɢɩɨɜ ɜɨɥɧ ɤɪɭɝɥɨɝɨ ɷɤɪɚɧɢɪɨɜɚɧɧɨɝɨ 
ɬɪɟɯɫɥɨɣɧɨɝɨ ɜɨɥɧɨɜɨɞɚ (ɪɢɫ. 2.1). Ɋɚɫɱɟɬ ɩɪɨɢɡɜɨɞɢɥɫɹ ɜ ɫɢɫɬɟɦɟ Matlab.  
ɇɚ ɝɪɚɮɢɤɚɯ, ɧɚɡɜɚɧɧɵɯ ɱɚɫɬɨɬɧɵɦɢ ɡɚɜɢɫɢɦɨɫɬɹɦɢ, ɩɨ ɨɫɢ ɨɪɞɢɧɚɬ 
ɨɬɥɨɠɟɧɵ ɩɪɨɞɨɥɶɧɵɟ ɩɨɫɬɨɹɧɧɵɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɢɫɫɥɟɞɭɟɦɨɣ ɫɬɪɭɤɬɭɪɟ, 
ɧɨɪɦɢɪɨɜɚɧɧɵɟ ɤ ɜɨɥɧɨɜɨɦɭ ɱɢɫɥɭ ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ. ɉɨ ɨɫɢ ɚɛɫɰɢɫɫ 
ɨɬɥɨɠɟɧ ɧɨɪɦɢɪɨɜɚɧɧɵɣ ɤ ɞɥɢɧɟ ɜɨɥɧɵ ɜ ɫɜɨɛɨɞɧɨɦ ɩɪɨɫɬɪɚɧɫɬɜɟ ɪɚɞɢɭɫ 
ɜɨɥɧɨɜɨɞɚ. ɉɪɢ ɬɚɤɨɣ ɧɨɪɦɢɪɨɜɤɟ, ɩɪɢ ɮɢɤɫɢɪɨɜɚɧɧɨɦ ɜɧɟɲɧɟɦ ɪɚɞɢɭɫɟ, 
ɩɨɥɭɱɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɥɟɝɤɨ ɩɪɟɨɛɪɚɡɨɜɚɬɶ ɜ ɱɚɫɬɨɬɧɵɟ: 
0 0 0
c R c c Rf
R Rλ λ λ
⋅
= = = ⋅
⋅
, (2.21)
ɝɞɟ R – ɪɚɞɢɭɫ ɜɨɥɧɨɜɨɞɚ, ɫ – ɫɤɨɪɨɫɬɶ ɫɜɟɬɚ, f – ɱɚɫɬɨɬɚ. 
Ⱦɥɹ ɨɰɟɧɤɢ ɞɢɫɩɟɪɫɢɢ ɜɨɥɧ ɩɨ ɨɫɢ ɚɛɫɰɢɫɫ ɨɬɤɥɚɞɵɜɚɟɬɫɹ ɱɚɫɬɨɬɚ, 
ɧɨɪɦɢɪɨɜɚɧɧɚɹ ɤ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɟ ɞɚɧɧɨɝɨ ɬɢɩɚ ɜɨɥɧ.  
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ɂɡɭɱɟɧɧɵɟ ɫɬɪɭɤɬɭɪɵ ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫ. 2.3 (ɚ – ɜɨɥɧɨɜɨɞ ɫ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɫɬɟɪɠɧɟɦ, ɛ – ɫ ɜɬɭɥɤɨɣ, ɜ – ɫ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɰɢɥɢɧɞɪɨɦ, ɝ 
– ɫ ɡɚɡɨɪɨɦ ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦ ɡɚɩɨɥɧɟɧɢɢ). 
 
Ɋɢɫ. 2.3 ɉɨɩɟɪɟɱɧɵɟ ɫɟɱɟɧɢɹ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɫɬɪɭɤɬɭɪ 
ȼɨɥɧɚ ɬɢɩɚ ɇ11 ɹɜɥɹɟɬɫɹ ɨɫɧɨɜɧɨɣ ɜ ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ ɫ ɨɞɧɨɪɨɞɧɵɦ 
ɡɚɩɨɥɧɟɧɢɟɦ. ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɜɨɥɧɨɜɨɞɚ ɜ ɨɞɧɨɜɨɥɧɨɜɨɦ ɪɟɠɢɦɟ 
ɤɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɤɪɵɬɢɹ ɞɥɹ ɷɬɨɣ ɜɨɥɧɵ ɫɨɫɬɚɜɥɹɟɬ 1,306. ȿɫɥɢ ɡɚɩɨɥɧɟɧɢɟ 
ɜɨɥɧɨɜɨɞɚ ɪɚɞɢɚɥɶɧɨ ɧɟɨɞɧɨɪɨɞɧɨ, ɜɫɟ ɜɨɥɧɵ ɫ ɚɡɢɦɭɬɚɥɶɧɵɦ ɢɧɞɟɤɫɨɦ m  0 
ɫɬɚɧɨɜɹɬɫɹ ɝɢɛɪɢɞɧɵɦɢ, ɢ ɜɨɥɧɚ ɇ11 ɩɪɟɨɛɪɚɡɭɟɬɫɹ ɜ ɜɨɥɧɭ ɇȿ11.  
ȼɨɥɧɭ ɬɢɩɚ ȿ01 ɜ ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ, ɤɚɤ ɩɪɚɜɢɥɨ, ɢɫɩɨɥɶɡɭɸɬ ɜ 
ɭɫɬɪɨɣɫɬɜɚɯ, ɜ ɤɨɬɨɪɵɯ ɩɨɥɟ ɞɨɥɠɧɨ ɛɵɬɶ ɨɞɧɨɪɨɞɧɵɦ ɜɞɨɥɶ ɚɡɢɦɭɬɚɥɶɧɨɣ 
ɤɨɨɪɞɢɧɚɬɵ (ɧɚɩɪɢɦɟɪ, ɜɪɚɳɚɸɳɢɟɫɹ ɫɨɱɥɟɧɟɧɢɹ ɜɨɥɧɨɜɨɞɨɜ). ȼ ɨɛɵɱɧɨɦ 
ɩɨɥɨɦ ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ ɜɨɥɧɚ ȿ01 ɹɜɥɹɟɬɫɹ ɩɟɪɜɵɦ ɢɡ ɜɵɫɲɢɯ ɬɢɩɨɜ ɜɨɥɧ. 
Ɍ.ɟ. ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɟɟ ɜ ɤɚɱɟɫɬɜɟ ɪɚɛɨɱɟɝɨ ɬɢɩɚ ɜɨɥɧɵ (ɤɨɷɮɮɢɰɢɟɧɬ 
ɩɟɪɟɤɪɵɬɢɹ ɛɭɞɟɬ ɪɚɜɟɧ 1,27), ɨɫɧɨɜɧɚɹ ɜɨɥɧɚ ɹɜɥɹɟɬɫɹ ɩɚɪɚɡɢɬɧɨɣ, ɞɥɹ ɟɟ 
ɭɫɬɪɚɧɟɧɢɹ ɧɟɨɛɯɨɞɢɦɨ ɩɪɢɦɟɧɟɧɢɟ ɫɩɟɰɢɚɥɶɧɵɯ ɜɨɥɧɨɜɨɞɧɵɯ ɮɢɥɶɬɪɨɜ. 
ȼ ɜɨɥɧɨɜɨɞɟ ɫɨ ɫɥɨɢɫɬɵɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɡɚɩɨɥɧɟɧɢɟɦ ɦɨɠɧɨ ɫɨɡɞɚɬɶ 
ɬɚɤɢɟ ɭɫɥɨɜɢɹ, ɩɪɢ ɤɨɬɨɪɵɯ ɜɨɥɧɚ ȿ01 ɫɬɚɧɨɜɢɬɫɹ ɨɫɧɨɜɧɨɣ, ɧɚɩɪɢɦɟɪ, ɤɚɤ 
ɩɨɤɚɡɚɧɨ ɧɚ ɪɢɫ. 2.4 ɞɥɹ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɪɢɫ. 2.3, ɚ. Ʉɨɷɮɮɢɰɢɟɧɬ 
ɩɟɪɟɤɪɵɬɢɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɧɟɜɟɥɢɤ – 1,04, ɧɨ, ɟɫɥɢ ɭɞɚɫɬɫɹ 
ɩɨɞɚɜɢɬɶ ɜɨɥɧɭ ɇȿ11 (ɢɥɢ ɧɚɨɛɨɪɨɬ – ɢɫɩɨɥɶɡɨɜɚɬɶ ɜɨɥɧɭ ɇȿ11, ɚ ɩɨɞɚɜɥɹɬɶ 
ȿ01), ɬɨ ɷɬɨɬ ɤɨɷɮɮɢɰɢɟɧɬ ɦɨɠɧɨ ɭɜɟɥɢɱɢɬɶ ɞɨ 1,89, ɱɬɨ ɹɜɥɹɟɬɫɹ ɞɨɜɨɥɶɧɨ 
ɛɨɥɶɲɨɣ ɜɟɥɢɱɢɧɨɣ ɞɥɹ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ.  
͇ ͈ ͉ ͊
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Ɋɢɫ. 2.4 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ 
ɡɚɩɨɥɧɟɧɢɹ: İ1 = 4, İ2 = 4, İ3 = 1, r1 = r2 = 0,38r3 (ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ ɫɬɟɪɠɟɧɶ ɜ 
ɰɟɧɬɪɟ ɜɨɥɧɨɜɨɞɚ) 
ɇɚ ɪɢɫ. 2.5 ɩɨɤɚɡɚɧɵ ɬɟ ɠɟ ɡɚɜɢɫɢɦɨɫɬɢ, ɧɨ ɨɬɧɨɫɢɬɟɥɶɧɚɹ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɫɬɟɪɠɧɹ ɭɜɟɥɢɱɟɧɚ ɫ 4 ɞɨ 9. Ʉɨɷɮɮɢɰɢɟɧɬ 
ɩɟɪɟɤɪɵɬɢɹ ɩɪɢ ɪɚɛɨɬɟ ɜ ɨɞɧɨɜɨɥɧɨɜɨɦ ɪɟɠɢɦɟ ɧɚ ɜɨɥɧɟ ȿ01 ɜ ɷɬɨɦ ɫɥɭɱɚɟ 
ɭɜɟɥɢɱɢɥɫɹ ɞɨ 1,4, ɱɬɨ ɞɚɠɟ ɛɨɥɶɲɟ, ɱɟɦ ɩɪɢ ɨɞɧɨɪɨɞɧɨɦ ɡɚɩɨɥɧɟɧɢɢ 
ɜɨɥɧɨɜɨɞɚ ɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɜɨɥɧɵ ɇȿ11. Ʉɪɨɦɟ ɬɨɝɨ, ɜɨɥɧɚ ȿ01 ɜ ɷɬɨɦ ɫɥɭɱɚɟ 
ɨɛɥɚɞɚɟɬ ɞɨɜɨɥɶɧɨ ɫɥɚɛɨɣ ɞɢɫɩɟɪɫɢɟɣ ɜ ɪɚɛɨɱɟɦ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ, ɱɬɨ 
ɩɨɡɜɨɥɹɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɷɬɭ ɜɨɥɧɭ ɞɥɹ ɩɟɪɟɞɚɱɢ ɫɢɝɧɚɥɨɜ ɫ ɦɚɥɵɦɢ 
ɢɫɤɚɠɟɧɢɹɦɢ. 
ɉɪɢɜɟɞɟɧɧɵɟ ɜɵɲɟ ɢɥɥɸɫɬɪɚɰɢɢ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɩɚɪɚɦɟɬɪɵ ɡɚɩɨɥɧɟɧɢɹ 
ɦɨɠɧɨ ɩɨɞɨɛɪɚɬɶ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨ ɦɨɠɟɬ ɫɦɟɧɢɬɶɫɹ ɬɢɩ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ, 
ɦɨɝɭɬ ɢɡɦɟɧɢɬɶɫɹ ɟɟ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɫɜɨɣɫɬɜɚ, ɦɨɠɟɬ ɢɡɦɟɧɢɬɶɫɹ ɤɨɷɮɮɢɰɢɟɧɬ 
ɩɟɪɟɤɪɵɬɢɹ ɩɨ ɱɚɫɬɨɬɟ.  
Ⱦɥɹ ɨɰɟɧɤɢ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɫɜɨɣɫɬɜ ɪɚɡɥɢɱɧɵɯ ɬɢɩɨɜ ɜɨɥɧ ɩɪɟɞɥɚɝɚɟɬɫɹ 
ɨɬɤɥɚɞɵɜɚɬɶ ɩɨ ɨɫɢ ɚɛɫɰɢɫɫ ɱɚɫɬɨɬɭ, ɧɨɪɦɢɪɨɜɚɧɧɭɸ ɤ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɟ 
ɞɚɧɧɨɝɨ ɬɢɩɚ ɜɨɥɧ (ɪɢɫ. 2.6-2.7). 
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Ɋɢɫ. 2.5 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ 
ɡɚɩɨɥɧɟɧɢɹ: İ1 = 9, İ2 = 9, İ3 = 1, r1 = r2 = 0,38r3  
 
Ɋɢɫ. 2.6 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɟɪɜɵɯ 6-ɬɢ ɬɢɩɨɜ ɜɨɥɧ ɩɪɢ 
ɩɚɪɚɦɟɬɪɚɯ ɡɚɩɨɥɧɟɧɢɹ: İ1=4, İ2=4, İ3=1, r1= r2=0,38r3 
ɉɨ ɞɚɧɧɵɦ ɡɚɜɢɫɢɦɨɫɬɹɦ ɜɢɞɧɨ, ɱɬɨ ɧɚɢɛɨɥɶɲɟɣ ɞɢɫɩɟɪɫɢɟɣ ɛɭɞɟɬ 
ɨɛɥɚɞɚɬɶ ɜɨɥɧɚ ɇ01, ɚ ɧɚɢɦɟɧɶɲɟɣ – ȿ01 ɢ ɇȿ31. ȼɨɥɧɚ ɇȿ11 ɬɚɤɠɟ ɨɛɥɚɞɚɟɬ 
ɞɨɜɨɥɶɧɨ ɛɨɥɶɲɨɣ ɞɢɫɩɟɪɫɢɟɣ, ɩɨɷɬɨɦɭ, ɚɧɚɥɢɡɢɪɭɹ ɡɚɜɢɫɢɦɨɫɬɢ ɧɚ ɪɢɫ. 2.4 ɢ 
ɪɢɫ. 2.6, ɥɟɝɤɨ ɨɩɪɟɞɟɥɢɬɶ ɨɩɬɢɦɚɥɶɧɵɣ ɜ ɫɦɵɫɥɟ ɜɟɥɢɱɢɧɵ ɤɨɷɮɮɢɰɢɟɧɬɚ 
68 
 
ɩɟɪɟɤɪɵɬɢɹ ɢ ɧɚɢɦɟɧɶɲɟɣ ɞɢɫɩɟɪɫɢɢ ɜ ɫɥɭɱɚɟ ɞɚɧɧɨɝɨ ɡɚɩɨɥɧɟɧɢɹ ɪɚɛɨɱɢɣ ɬɢɩ 
ɜɨɥɧɵ – ȿ01 ɫ ɩɨɞɚɜɥɟɧɢɟɦ ɇȿ11. Ʉɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɤɪɵɬɢɹ ɩɪɢ ɷɬɨɦ – 1,85. 
ɇɚ ɪɢɫ. 2.7 ɩɪɟɞɫɬɚɜɥɟɧɵ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɡɚɜɢɫɢɦɨɫɬɹɦ ɧɚ ɪɢɫ. 2.5. ɉɨ ɷɬɢɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɢ 
ɡɚɜɢɫɢɦɨɫɬɹɦ ɬɚɤɠɟ ɥɟɝɤɨ ɨɩɪɟɞɟɥɢɬɶ ɨɩɬɢɦɚɥɶɧɵɣ ɬɢɩ ɪɚɛɨɱɟɣ ɜɨɥɧɵ – 
ɨɫɧɨɜɧɚɹ ɜɨɥɧɚ ȿ01, ɨɛɥɚɞɚɸɳɚɹ ɧɚɢɦɟɧɶɲɟɣ ɞɢɫɩɟɪɫɢɟɣ. Ʉɨɷɮɮɢɰɢɟɧɬ 
ɩɟɪɟɤɪɵɬɢɹ – 1,4. 
ɇɚ ɪɢɫ. 2.8-2.9 ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɟɪɟɤɪɵɬɢɹ ɞɥɹ 
ɜɨɥɧɨɜɨɞɚ ɪɚɞɢɭɫɚ r2 ɫ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɫɬɟɪɠɧɟɦ ɪɚɞɢɭɫɚ r1 ɜɧɭɬɪɢ. ɇɚ ɷɬɢɯ 
ɡɚɜɢɫɢɦɨɫɬɹɯ ɨɛɥɚɫɬɶ I ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɢɬɭɚɰɢɢ, ɤɨɝɞɚ ɨɫɧɨɜɧɨɣ ɬɢɩ ɜɨɥɧɵ – 
ɇȿ11, ɩɟɪɜɵɣ ɜɵɫɲɢɣ ɬɢɩ – ȿ01, ɜɬɨɪɨɣ ɜɵɫɲɢɣ ɬɢɩ – ɇȿ21. Ɉɛɥɚɫɬɶ II: 
ɨɫɧɨɜɧɨɣ ɬɢɩ ɜɨɥɧɵ – ȿ01, ɩɟɪɜɵɣ ɜɵɫɲɢɣ ɬɢɩ – ɇȿ11, ɜɬɨɪɨɣ ɜɵɫɲɢɣ ɬɢɩ – 
ɇȿ21. Ɉɛɥɚɫɬɶ III:  ɨɫɧɨɜɧɨɣ ɬɢɩ ɜɨɥɧɵ – ȿ01, ɩɟɪɜɵɣ ɜɵɫɲɢɣ ɬɢɩ – ɇȿ11, 
ɜɬɨɪɨɣ ɜɵɫɲɢɣ ɬɢɩ – ɜɵɪɨɠɞɟɧɧɵɟ ɜɨɥɧɵ ɇ01 ɢ ȿɇ11. Ɉɛɥɚɫɬɶ IV: ɨɫɧɨɜɧɨɣ 
ɬɢɩ ɜɨɥɧɵ – ɇȿ11, ɩɟɪɜɵɣ ɜɵɫɲɢɣ ɬɢɩ – ȿ01, ɜɬɨɪɨɣ ɜɵɫɲɢɣ ɬɢɩ – 
ɜɵɪɨɠɞɟɧɧɵɟ ɜɨɥɧɵ ɇ01 ɢ ȿɇ11. Ɉɛɥɚɫɬɶ V – ɬɨ ɠɟ, ɱɬɨ ɢ ɜ ɩɟɪɜɨɣ ɨɛɥɚɫɬɢ. 
 
Ɋɢɫ. 2.7 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɟɪɜɵɯ 6-ɬɢ ɬɢɩɨɜ ɜɨɥɧ ɩɪɢ 
ɩɚɪɚɦɟɬɪɚɯ ɡɚɩɨɥɧɟɧɢɹ: İ1 = 9, İ2 = 9, İ3 = 1, r1 = r2 = 0,38r3 
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ɋɢɧɢɟ ɝɪɚɧɢɰɵ ɨɛɥɚɫɬɟɣ ɧɚ ɷɬɢɯ ɡɚɜɢɫɢɦɨɫɬɹɯ ɫɨɨɬɜɟɬɫɬɜɭɸɬ 
ɩɚɪɚɦɟɬɪɚɦ ɜɨɥɧɨɜɨɞɚ, ɩɪɢ ɤɨɬɨɪɵɯ ɩɪɨɢɫɯɨɞɢɬ ɜɵɪɨɠɞɟɧɢɟ ɜɨɥɧ ȿ01 ɢ ɇȿ11, 
ɤɪɚɫɧɵɟ ɝɪɚɧɢɰɵ – ɜɵɪɨɠɞɟɧɢɟ ɜɨɥɧ ɇȿ21, ɇ01 ɢ ȿɇ11. 
ɉɨ ɷɬɢɦ ɡɚɜɢɫɢɦɨɫɬɹɦ ɦɨɠɧɨ ɜɢɞɟɬɶ, ɱɬɨ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɫɬɟɪɠɧɹ ɩɪɨɢɫɯɨɞɢɬ ɪɚɫɲɢɪɟɧɢɟ ɨɛɥɚɫɬɟɣ II ɢ 
III; ɜɫɟ ɨɫɬɚɥɶɧɵɟ ɨɛɥɚɫɬɢ ɫɭɠɚɸɬɫɹ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɟɫɥɢ ɜɡɹɬɶ ɦɚɬɟɪɢɚɥ ɫ 
ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɨɣ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɶɸ, ɬɨ 
ɩɪɚɤɬɢɱɟɫɤɢ ɩɪɢ ɥɸɛɨɦ ɪɚɞɢɭɫɟ ɫɬɟɪɠɧɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɨɣ ɜ ɜɨɥɧɨɜɨɞɟ ɛɭɞɟɬ 
ɜɨɥɧɚ, ȿ01. ȿɫɥɢ ɩɪɢ ɷɬɨɦ ɪɚɞɢɭɫ ɫɬɟɪɠɧɹ ɛɭɞɟɬ ɫɨɫɬɚɜɥɹɬɶ ɩɪɢɦɟɪɧɨ ɩɨɥɨɜɢɧɭ 
ɨɬ ɪɚɞɢɭɫɚ ɜɨɥɧɨɜɨɞɚ, ɬɨ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɞɥɹ ɷɬɨɣ ɜɨɥɧɵ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɨɟ 
ɡɧɚɱɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɟɪɟɤɪɵɬɢɹ (ɞɚɠɟ ɛɨɥɶɲɟ ɞɚɧɧɨɝɨ ɩɨɤɚɡɚɬɟɥɹ ɞɥɹ 
ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ ɜɨɥɧɵ ɜ ɤɪɭɝɥɨɦ ɩɨɥɨɦ ɜɨɥɧɨɜɨɞɟ).  
ɇɚ ɪɢɫ. 2.10 ɩɪɢɜɟɞɟɧɵ ɩɨɞɨɛɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɜɨɥɧɨɜɨɞɚ ɫ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɜɬɭɥɤɨɣ (ɪɢɫ. 2.3, ɛ). 
 
Ɋɢɫ. 2.8 Ɂɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɟɪɟɤɪɵɬɢɹ ɨɬ ɪɚɞɢɭɫɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 
ɫɬɟɪɠɧɹ ɫ İ = 4, ɩɨɦɟɳɟɧɧɨɝɨ ɜ ɜɨɥɧɨɜɨɞ: 1- ɞɥɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ ɜɨɥɧɵ, 2 – ɞɥɹ 
ɩɟɪɜɨɝɨ ɜɵɫɲɟɝɨ ɬɢɩɚ, 3 – ɞɥɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ, ɩɪɢ ɭɫɥɨɜɢɢ, ɱɬɨ ɭɫɬɪɚɧɟɧ 
ɩɟɪɜɵɣ ɜɵɫɲɢɣ ɬɢɩ 
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Ɋɢɫ. 2.9 Ɂɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɟɪɟɤɪɵɬɢɹ ɨɬ ɪɚɞɢɭɫɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 
ɫɬɟɪɠɧɹ ɫ İ = 9, ɩɨɦɟɳɟɧɧɨɝɨ ɜ ɜɨɥɧɨɜɨɞ: 1- ɞɥɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ ɜɨɥɧɵ, 2 – ɞɥɹ 
ɩɟɪɜɨɝɨ ɜɵɫɲɟɝɨ ɬɢɩɚ, 3 – ɞɥɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ, ɩɪɢ ɭɫɥɨɜɢɢ, ɱɬɨ ɭɫɬɪɚɧɟɧ 
ɩɟɪɜɵɣ ɜɵɫɲɢɣ ɬɢɩ 
 
Ɋɢɫ. 2.10 Ɂɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɟɪɟɤɪɵɬɢɹ ɨɬ ɜɧɭɬɪɟɧɧɟɝɨ ɪɚɞɢɭɫɚ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɜɬɭɥɤɢ ɫ İ = 4, ɩɨɦɟɳɟɧɧɨɣ ɜ ɜɨɥɧɨɜɨɞ: 1- ɞɥɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ 
ɜɨɥɧɵ, 2 – ɞɥɹ ɩɟɪɜɨɝɨ ɜɵɫɲɟɝɨ ɬɢɩɚ, 3 – ɞɥɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ, ɩɪɢ ɭɫɥɨɜɢɢ, ɱɬɨ 
ɭɫɬɪɚɧɟɧ ɩɟɪɜɵɣ ɜɵɫɲɢɣ ɬɢɩ 
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ɉɨ ɷɬɢɦ ɡɚɜɢɫɢɦɨɫɬɹɦ ɦɨɠɧɨ ɜɢɞɟɬɶ, ɱɬɨ ɧɟɬ ɩɟɪɟɦɟɳɟɧɢɹ ɤɪɢɬɢɱɟɫɤɢɯ 
ɱɚɫɬɨɬ ɩɟɪɜɵɯ ɬɪɟɯ ɬɢɩɨɜ ɜɨɥɧ, ɩɪɢ ɜɧɟɫɟɧɢɢ ɜ ɜɨɥɧɨɜɨɞ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɜɬɭɥɤɢ, ɱɬɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɜ ɪɚɛɨɬɟ [17]. Ɍɚɤɠɟ 
ɦɨɠɧɨ ɫɤɚɡɚɬɶ, ɱɬɨ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɨɦ ɪɚɞɢɭɫɟ ɜɬɭɥɤɢ ɦɨɠɧɨ ɞɨɛɢɬɶɫɹ 
ɧɟɤɨɬɨɪɨɝɨ ɭɜɟɥɢɱɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɟɪɟɤɪɵɬɢɹ ɜ ɨɞɧɨɦɨɞɨɜɨɦ ɪɟɠɢɦɟ ɩɪɢ 
ɨɫɧɨɜɧɨɣ ɜɨɥɧɟ ɇȿ11, ɬɟɦ ɫɚɦɵɦ, ɪɚɫɲɢɪɢɜ ɪɚɛɨɱɢɣ ɱɚɫɬɨɬɧɵɣ ɞɢɚɩɚɡɨɧ. 
ɇɚ ɪɢɫ. 2.11 ɩɪɟɞɫɬɚɜɥɟɧɵ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜɨɥɧɵ ɇȿ11, 
ɩɨɥɭɱɟɧɧɵɟ ɞɥɹ ɜɨɥɧɨɜɨɞɚ ɫ ɜɬɭɥɤɨɣ. ɉɪɟɞɫɬɚɜɥɟɧɧɵɟ ɝɪɚɮɢɤɢ ɩɨɥɧɨɫɬɶɸ 
ɫɨɜɩɚɞɚɸɬ ɫ ɝɪɚɮɢɤɚɦɢ, ɩɪɢɜɟɞɟɧɧɵɦɢ ɜ [20], ɱɬɨ ɭɤɚɡɵɜɚɟɬ ɧɚ ɞɨɫɬɨɜɟɪɧɨɫɬɶ 
ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɚ ɩɪɟɞɥɚɝɚɟɦɵɦ ɦɟɬɨɞɨɦ. 
ȼɨɡɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɡɚɩɨɥɧɟɧɢɹ ɜɨɥɧɨɜɨɞɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ 
ɦɚɬɟɪɢɚɥɨɦ ɫ ɡɚɡɨɪɨɦ (ɪɢɫ. 2.3, ɝ), ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɤɨɬɨɪɨɝɨ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 
2.12. Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɲɢɪɨɤɨɝɨ ɪɚɛɨɱɟɝɨ ɞɢɚɩɚɡɨɧɚ ɱɚɫɬɨɬ ɧɚ ɜɨɥɧɟ ȿ01 ɜ ɷɬɨɦ 
ɫɥɭɱɚɟ ɡɚɡɨɪ ɧɟɨɛɯɨɞɢɦɨ ɪɚɫɩɨɥɚɝɚɬɶ ɛɥɢɠɟ ɤ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɫɬɟɧɤɟ.  
 
Ɋɢɫ. 2.11 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ɪɚɞɢɭɫɚ b ɫ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɜɬɭɥɤɨɣ ɪɚɞɢɭɫɚ a ɫ İ = 4 ɞɥɹ ɜɨɥɧɵ ɇȿ11 
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Ɋɢɫ. 2.12 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ 
ɡɚɩɨɥɧɟɧɢɹ: İ1 = 4, İ2 = 1, İ3 = 4, r1 = 0,75r3, r2 = 0,85r3  
ȼ ɩɪɨɰɟɫɫɟ ɢɫɫɥɟɞɨɜɚɧɢɹ ɛɵɥɨ ɜɵɹɫɧɟɧɨ, ɱɬɨ ɜ ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ ɫɨ 
ɫɥɨɢɫɬɵɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɡɚɩɨɥɧɟɧɢɟɦ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɜɨɥɧɵ H0n ɢ E1n 
(ɩɪɟɨɛɪɚɡɭɸɳɢɟɫɹ ɜ EH1n) ɹɜɥɹɸɬɫɹ ɜɵɪɨɠɞɟɧɧɵɦɢ ɬɚɤ ɠɟ, ɤɚɤ ɢ ɜ ɨɛɵɱɧɨɦ 
ɩɨɥɨɦ ɜɨɥɧɨɜɨɞɟ. ɗɬɢ ɜɨɥɧɵ ɢɦɟɸɬ ɨɞɢɧɚɤɨɜɵɟ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɢ ɩɪɢ 
ɨɞɧɨɪɨɞɧɨɦ ɡɚɩɨɥɧɟɧɢɢ ɜɨɥɧɨɜɨɞɚ ɨɛɥɚɞɚɸɬ ɨɞɢɧɚɤɨɜɵɦɢ ɩɪɨɞɨɥɶɧɵɦɢ 
ɜɨɥɧɨɜɵɦɢ ɱɢɫɥɚɦɢ. ɉɪɢ ɱɚɫɬɢɱɧɨɦ ɡɚɩɨɥɧɟɧɢɢ ɜɨɥɧɨɜɨɞɚ ɞɢɷɥɟɤɬɪɢɤɨɦ ɢɥɢ 
ɦɚɝɧɢɬɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɷɬɢɯ ɜɨɥɧ ɨɫɬɚɸɬɫɹ ɨɞɢɧɚɤɨɜɵɦɢ, 
ɧɨ ɪɚɡɥɢɱɚɸɬɫɹ ɢɯ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɫɜɨɣɫɬɜɚ. ɉɨɞɨɛɧɚɹ ɬɟɧɞɟɧɰɢɹ ɛɵɥɚ 
ɡɚɦɟɱɟɧɚ ɪɚɧɟɟ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɜɨɥɧɨɜɨɞɨɜ ɫ ɧɟɢɞɟɚɥɶɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ ɢ 
ɫɬɟɧɤɚɦɢ ɫ ɤɨɧɟɱɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɶɸ [7]. Ɉɞɧɚɤɨ ɪɚɫɳɟɩɥɟɧɢɟ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ 
ɭ ɜɨɥɧ H0n ɢ E1n ɜɵɡɜɚɧɧɨɟ ɩɨɬɟɪɹɦɢ ɜ ɫɬɟɧɤɚɯ ɧɟɜɟɥɢɤɨ. ɉɪɢ ɛɨɥɟɟ ɫɢɥɶɧɵɯ 
ɜɨɡɦɭɳɟɧɢɹɯ ɩɨɥɹ ɷɬɨ ɪɚɫɳɟɩɥɟɧɢɟ ɧɟ ɫɤɚɡɵɜɚɟɬɫɹ ɢ ɜɨɥɧɵ H0n ɢ E1n ɫɜɨɛɨɞɧɨ 
ɬɪɚɧɫɮɨɪɦɢɪɭɸɬɫɹ ɞɪɭɝ ɜ ɞɪɭɝɚ. ɇɚɩɪɢɦɟɪ, ɩɪɢ ɢɡɝɢɛɟ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ 
(ɩɪɢ ɟɝɨ ɩɨɜɨɪɨɬɟ ɧɚ ɧɟɤɨɬɨɪɵɣ ɭɝɨɥ) ɜɨɥɧɚ H01 ɩɟɪɟɯɨɞɢɬ ɜ ɜɨɥɧɭ E11 ɢ ɷɬɨɬ 
ɩɟɪɟɯɨɞ ɧɟɥɶɡɹ ɨɫɥɚɛɢɬɶ, ɞɟɥɚɹ ɪɚɞɢɭɫ ɩɨɜɨɪɨɬɚ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɢɦ. ȼɨɥɧɚ 
H01, ɛɟɝɭɳɚɹ ɜ ɩɪɹɦɨɦ ɜɨɥɧɨɜɨɞɟ, ɪɚɫɫɟɢɜɚɟɬɫɹ ɧɚ ɫɥɭɱɚɣɧɨ ɪɚɫɩɨɥɨɠɟɧɧɵɯ 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɹɯ ɢ ɩɨɪɨɠɞɚɟɬ ɰɟɥɵɣ ɫɩɟɤɬɪ ɜɨɥɧ ɫ ɦɚɥɵɦɢ ɚɦɩɥɢɬɭɞɚɦɢ, ɜ ɬɨɦ 
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ɱɢɫɥɟ ɢ ɜɨɥɧɭ E11. ɉɨɫɤɨɥɶɤɭ ɫɤɨɪɨɫɬɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɨɥɧ H01 ɢ E11 ɛɥɢɡɤɢ, 
ɚɦɩɥɢɬɭɞɚ ɜɨɥɧɵ E11 ɢɦɟɟɬ ɬɟɧɞɟɧɰɢɸ ɧɚɤɚɩɥɢɜɚɬɶɫɹ, ɜ ɬɨ ɜɪɟɦɹ, ɤɚɤ 
ɚɦɩɥɢɬɭɞɵ ɞɪɭɝɢɯ ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜɨɥɧ ɨɫɬɚɸɬɫɹ ɦɚɥɵɦɢ. 
ȼ ɬɟɱɟɧɢɟ ɦɧɨɝɢɯ ɥɟɬ ɜ Ɋɨɫɫɢɢ ɢ ɡɚ ɪɭɛɟɠɨɦ ɜɟɥɢɫɶ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɢ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɚɛɨɬɵ ɩɨ ɢɫɩɨɥɶɡɨɜɚɧɢɸ ɜɨɥɧɵ H01 ɜ ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ 
ɞɥɹ ɩɟɪɟɞɚɱɢ ɤɨɥɟɛɚɧɢɣ ɫɚɧɬɢɦɟɬɪɨɜɨɝɨ ɢ ɦɢɥɥɢɦɟɬɪɨɜɨɝɨ ɞɢɚɩɚɡɨɧɨɜ ɧɚ 
ɛɨɥɶɲɢɟ ɪɚɫɫɬɨɹɧɢɹ. Ɇɚɥɨɟ ɡɚɬɭɯɚɧɢɟ ɜɨɥɧɵ H01 ɪɟɚɥɢɡɭɟɬɫɹ ɧɚ ɬɚɤɢɯ 
ɱɚɫɬɨɬɚɯ, ɤɨɝɞɚ ɜɨɥɧɨɜɨɞ ɦɨɠɟɬ ɩɨɞɞɟɪɠɢɜɚɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɦɧɨɝɢɯ ɜɨɥɧ, ɢ 
ɝɥɚɜɧɚɹ ɡɚɞɚɱɚ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨɛɵ ɜɨɡɛɭɞɢɬɶ, ɢ ɧɚ ɜɫɟɦ ɩɪɨɬɹɠɟɧɢɢ 
ɬɪɚɫɫɵ ɫɨɯɪɚɧɢɬɶ ɜɨɥɧɭ H01 ɜ ɱɢɫɬɨɦ ɜɢɞɟ, ɬ.ɟ., ɜ ɱɚɫɬɧɨɫɬɢ, ɧɟ ɞɨɩɭɫɬɢɬɶ ɟɟ 
ɩɟɪɟɪɨɠɞɟɧɢɹ ɜ ɜɨɥɧɭ E11. Ⱦɥɹ ɷɬɨɝɨ ɩɪɟɞɥɨɠɟɧɨ ɧɟɫɤɨɥɶɤɨ ɫɩɨɫɨɛɨɜ, ɧɚɢɛɨɥɟɟ 
ɩɪɨɫɬɨɣ ɢ ɜɦɟɫɬɟ ɫ ɬɟɦ ɷɮɮɟɤɬɢɜɧɵɣ – ɷɬɨ ɧɚɧɟɫɟɧɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɥɨɹ ɧɚ 
ɫɬɟɧɤɭ ɜɨɥɧɨɜɨɞɚ. ɉɨɫɤɨɥɶɤɭ ɭ ɜɨɥɧɵ H01 ɧɚɩɪɹɠɟɧɧɨɫɬɶ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ 
ɜɛɥɢɡɢ ɫɬɟɧɤɢ ɛɥɢɡɤɚ ɤ ɧɭɥɸ, ɷɬɨɬ ɫɥɨɣ ɜɨɡɦɭɳɚɟɬ ɜɨɥɧɭ H01 ɥɢɲɶ ɜ ɫɥɚɛɨɣ 
ɫɬɟɩɟɧɢ. ȼɫɟ ɞɪɭɝɢɟ ɜɨɥɧɵ ɜɛɥɢɡɢ ɫɬɟɧɤɢ ɢɦɟɸɬ ɛɨɥɶɲɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ Er ɢ 
ɢɫɩɵɬɵɜɚɸɬ ɫɢɥɶɧɨɟ ɜɨɡɦɭɳɟɧɢɟ, ɚ ɢɡ-ɡɚ ɩɨɬɟɪɶ ɜ ɞɢɷɥɟɤɬɪɢɤɟ ɩɨɥɭɱɚɸɬ 
ɞɨɩɨɥɧɢɬɟɥɶɧɨɟ ɡɚɬɭɯɚɧɢɟ. Ɋɚɫɳɟɩɥɟɧɢɟ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɭ ɜɨɥɧ H0n ɢ E1n 
ɭɜɟɥɢɱɢɜɚɟɬɫɹ, ɢ ɢɯ ɜɡɚɢɦɧɚɹ ɬɪɚɧɫɮɨɪɦɚɰɢɹ ɨɫɥɚɛɟɜɚɟɬ. 
ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɜɨɥɧɵ H01 ɜ ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ ɞɥɹ 
ɩɟɪɟɞɚɱɢ ɢɧɮɨɪɦɚɰɢɢ ɩɟɪɟɫɬɚɥɨ ɛɵɬɶ ɚɤɬɭɚɥɶɧɵɦ ɢɡ-ɡɚ ɲɢɪɨɤɨɝɨ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɨɩɬɢɱɟɫɤɢɯ ɤɜɚɧɬɨɜɵɯ ɝɟɧɟɪɚɬɨɪɨɜ ɢ ɨɩɬɨɜɨɥɨɤɨɧɧɵɯ ɥɢɧɢɣ 
ɩɟɪɟɞɚɱɢ. Ɉɞɧɚɤɨ ɜ ɬɟɯɧɢɤɟ ɋȼɑ ɜɨɥɧɚ H01 ɧɚɯɨɞɢɬ ɞɨɜɨɥɶɧɨ ɲɢɪɨɤɨɟ 
ɩɪɢɦɟɧɟɧɢɟ; ɜ ɱɚɫɬɧɨɫɬɢ, ɨɬɪɟɡɤɢ ɤɪɭɝɥɵɯ ɜɨɥɧɨɜɨɞɨɜ ɫɥɭɠɚɬ 
ɜɵɫɨɤɨɞɨɛɪɨɬɧɵɦɢ ɨɛɴɟɦɧɵɦɢ ɪɟɡɨɧɚɬɨɪɚɦɢ [4]. Ɉɩɵɬ, ɧɚɤɨɩɥɟɧɧɵɣ ɜ ɯɨɞɟ 
ɪɚɛɨɬ ɫ ɜɨɥɧɨɣ H01, ɦɨɠɟɬ ɩɪɢɝɨɞɢɬɶɫɹ ɩɪɢ ɫɨɡɞɚɧɢɢ ɞɪɭɝɢɯ ɦɧɨɝɨɦɨɞɨɜɵɯ 
ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ – ɜɨɥɧɨɜɨɞɨɜ, ɩɨɞɞɟɪɠɢɜɚɸɳɢɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɦɧɨɝɢɯ ɜɨɥɧ. 
Ɉɰɟɧɢɬɶ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɫɜɨɣɫɬɜɚ ɢ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ 
ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɜɨɥɧ ɦɨɠɧɨ ɩɨ ɡɚɜɢɫɢɦɨɫɬɹɦ, ɩɪɢɜɟɞɟɧɧɵɦ ɧɚ ɪɢɫ. 2.4-2.12. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜ ɪɚɛɨɬɟ [16] ɨɬɦɟɱɟɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɚɥɢɡɚɰɢɢ 
ɜɟɫɶɦɚ ɦɚɥɵɯ ɡɚɬɭɯɚɧɢɣ ɝɢɛɪɢɞɧɨɣ ɦɨɞɵ ȿɇ11 ɜ ɜɨɥɧɨɜɨɞɟ ɫ ɬɨɧɤɨɣ ɜɬɭɥɤɨɣ 
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(ɪɢɫ. 2.3, ɛ). Ɍɚɤɠɟ ɜ ɷɬɨɣ ɪɚɛɨɬɟ ɨɬɦɟɱɚɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ ɩɟɪɟɞɚɱɢ ɩɨ 
ɜɨɥɧɨɜɨɞɭ, ɢɡɨɛɪɚɠɟɧɧɨɦɭ ɧɚ ɪɢɫ. 2.3, ɜ, ɫ ɦɚɥɵɦ ɡɚɬɭɯɚɧɢɟɦ 
ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɣ ɦɨɞɵ ɇ01. ɇɟɤɨɬɨɪɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɬɚɤɢɯ ɜɨɥɧɨɜɨɞɨɜ 
ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 2.13-2.14. 
ɉɪɢɜɟɞɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɜɧɟɫɟɧɢɟɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 
ɰɢɥɢɧɞɪɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɛɨɥɶɲɨɣ ɬɨɥɳɢɧɵ (ɫɨɬɵɟ ɞɨɥɢ ɜɧɟɲɧɟɝɨ ɞɢɚɦɟɬɪɚ) ɜ 
ɜɨɥɧɨɜɨɞ ɦɨɠɧɨ ɞɨɛɢɬɶɫɹ ɞɨɜɨɥɶɧɨ ɲɢɪɨɤɨɝɨ ɪɚɛɨɱɟɝɨ ɞɢɚɩɚɡɨɧɚ ɱɚɫɬɨɬ ɞɥɹ 
ɜɨɥɧɵ ȿ01 (ɜ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɮɢɥɶɬɪɨɜ, ɩɨɞɚɜɥɹɸɳɢɯ ɜɨɥɧɭ ɇȿ11). 
Ⱦɢɷɥɟɤɬɪɢɱɟɫɤɢɣ ɰɢɥɢɧɞɪ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɥɭɱɲɟ ɪɚɫɩɨɥɚɝɚɬɶ ɛɥɢɠɟ ɤ ɰɟɧɬɪɭ 
(ɞɢɚɦɟɬɪ ɰɢɥɢɧɞɪɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɦɚɥ). Ɍɚɤɨɟ ɪɟɲɟɧɢɟ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ, ɤɚɤ 
ɚɥɶɬɟɪɧɚɬɢɜɭ ɪɚɫɩɨɥɨɠɟɧɢɸ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɬɟɪɠɧɹ ɜ ɜɨɥɧɨɜɨɞɟ, ɱɬɨ 
ɩɨɡɜɨɥɢɬ ɫɷɤɨɧɨɦɢɬɶ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ ɦɚɬɟɪɢɚɥ, ɚ ɷɬɨ ɚɤɬɭɚɥɶɧɨ, ɩɪɢ ɭɫɥɨɜɢɢ, 
ɱɬɨ ɯɨɪɨɲɢɟ ɋȼɑ ɞɢɷɥɟɤɬɪɢɤɢ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɞɨɪɨɝɢ. 
 
Ɋɢɫ. 2.13 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ 
ɡɚɩɨɥɧɟɧɢɹ: İ1 = 1, İ2 = 4, İ3 = 1, r1 = 0,43r3, r2 = 0,57r3   
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Ɋɢɫ. 2.14 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ 
ɡɚɩɨɥɧɟɧɢɹ: İ1 = 1, İ2 = 4, İ3 = 1, r1 = 0,25r3, r2 = 0,35r3  
ȼ ɪɚɛɨɬɟ [25] ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɤɪɭɝɥɨɝɨ ɧɟɨɞɧɨɪɨɞɧɨ 
ɡɚɩɨɥɧɟɧɧɨɝɨ ɜɨɥɧɨɜɨɞɚ ɩɪɟɞɥɚɝɚɟɬɫɹ ɩɨɥɭɱɚɬɶ ɦɟɬɨɞɨɦ ɫɲɢɜɚɧɢɹ ɩɨɥɟɣ ɫ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɟɤɬɨɪɨɜ Ƚɟɪɰɚ. Ɍɚɤɠɟ ɜ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ 
ɱɢɫɥɟɧɧɨɝɨ ɪɟɲɟɧɢɹ ɞɥɹ ɜɨɥɧɵ ȿ01 (ɩɪɢ ɚɡɢɦɭɬɚɥɶɧɨɦ ɢɧɞɟɤɫɟ m=0 
ɞɢɫɩɟɪɫɢɨɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɪɚɫɩɚɞɚɟɬɫɹ ɧɚ ɞɜɚ ɧɟɡɚɜɢɫɢɦɵɯ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɜɨɥɧ 
ɇ0n ɢ ȿ0n). Ɉɞɧɚɤɨ ɧɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɞɥɹ ɝɢɛɪɢɞɧɵɯ ɜɨɥɧ 
(ɞɢɫɩɟɪɫɢɨɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɧɚ ɪɚɫɩɚɞɚɟɬɫɹ). Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɞɨɫɬɨɜɟɪɧɨɫɬɢ 
ɪɟɡɭɥɶɬɚɬɨɜ ɬɚɤɠɟ ɛɵɥɢ ɩɨɫɬɪɨɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɤɪɢɬɢɱɟɫɤɢɯ 
ɱɚɫɬɨɬ ɜɨɥɧɵ ȿ01 ɜ ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ ɫ ɬɪɟɯɫɥɨɣɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ (ɪɢɫ. 2.15) 
ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɜɚɪɢɚɧɬɨɜ ɡɚɩɨɥɧɟɧɢɹ. Ⱦɚɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɯɨɪɨɲɨ 
ɫɨɝɥɚɫɭɸɬɫɹ ɫ ɩɨɥɭɱɟɧɧɵɦɢ ɜ ɭɩɨɦɹɧɭɬɨɣ ɪɚɛɨɬɟ. Ʉɪɨɦɟ ɬɨɝɨ, ɩɨɫɬɪɨɟɧɵ 
ɚɧɚɥɨɝɢɱɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɜɨɥɧɵ ɇȿ11 (ɪɢɫ. 2.16).  
ɇɚ ɫɨɜɪɟɦɟɧɧɨɦ ɷɬɚɩɟ ɪɚɡɜɢɬɢɹ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɫɪɟɞɫɬɜ, ɩɪɢ ɪɚɫɱɟɬɟ 
ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɜɫɟ ɱɚɳɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɩɚɤɟɬɵ ɬɪɟɯɦɟɪɧɨɝɨ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɤɨɪɪɟɤɬɧɨɫɬɢ ɪɟɡɭɥɶɬɚɬɨɜ 
ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ ɪɚɛɨɬɟ ɛɵɥ ɢɫɩɨɥɶɡɨɜɚɧ ɩɚɤɟɬ Ansoft HFSS 12.  
76 
 
 
Ɋɢɫ. 2.15 Ɂɚɜɢɫɢɦɨɫɬɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɜɨɥɧɵ ȿ01 ɜ ɤɪɭɝɥɨɦ 
ɬɪɟɯɫɥɨɣɧɨɦ ɜɨɥɧɨɜɨɞɟ ɩɪɢ r1 = 0,2r3 
 
Ɋɢɫ. 2.16 Ɂɚɜɢɫɢɦɨɫɬɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɜɨɥɧɵ ɇȿ11 ɜ 
ɤɪɭɝɥɨɦ ɬɪɟɯɫɥɨɣɧɨɦ ɜɨɥɧɨɜɨɞɟ ɩɪɢ r1 = 0,2r3 
Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɧɟɤɨɬɨɪɵɯ 
ɢɫɫɥɟɞɨɜɚɧɧɵɯ ɫɬɪɭɤɬɭɪ, ɩɨɥɭɱɟɧɧɵɟ ɫ ɩɨɦɨɳɶɸ ɭɤɚɡɚɧɧɨɝɨ ɩɚɤɟɬɚ ɩɪɢɜɟɞɟɧɵ 
ɧɚ ɪɢɫ. 2.17 ɢ 2.18. ɋ ɭɱɟɬɨɦ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɩɚɤɟɬɟ ɚɛɫɨɥɸɬɧɵɯ ɡɧɚɱɟɧɢɣ 
ɱɚɫɬɨɬɵ, ɢ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɚɛɫɨɥɸɬɧɵɯ ɪɚɡɦɟɪɨɜ ɜɨɥɧɨɜɨɞɚ, ɞɚɧɧɵɟ 
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ɡɚɜɢɫɢɦɨɫɬɢ ɦɨɠɧɨ ɫɪɚɜɧɢɬɶ ɫ ɡɚɜɢɫɢɦɨɫɬɹɦɢ, ɩɪɢɜɟɞɟɧɧɵɦɢ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ 
ɧɚ ɪɢɫ. 2.5 ɢ 2.13. Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɧɚ ɝɪɚɮɢɤɚɯ, ɩɨɥɭɱɟɧɧɵɯ ɩɪɢ ɩɨɦɨɳɢ HFSS, 
ɩɪɢɫɭɬɫɬɜɭɟɬ ɜɥɢɹɧɢɟ ɞɨɫɬɚɬɨɱɧɨ ɪɟɞɤɨɣ ɱɚɫɬɨɬɧɨɣ ɞɢɫɤɪɟɬɢɡɚɰɢɢ, ɤɨɬɨɪɚɹ 
ɨɛɭɫɥɨɜɥɟɧɚ ɨɝɪɚɧɢɱɟɧɧɨɫɬɶɸ ɜɵɱɢɫɥɢɬɟɥɶɧɵɯ ɪɟɫɭɪɫɨɜ. ȼɟɞɶ ɩɪɢ 
ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɬɚɤɨɝɨ ɪɨɞɚ ɩɪɨɝɪɚɦɦ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɧɟɨɛɯɨɞɢɦɨɝɨ ɤɨɥɢɱɟɫɬɜɚ 
ɱɚɫɬɨɬɧɵɯ ɬɨɱɟɤ ɩɪɢ ɚɧɚɥɢɡɟ ɪɚɫɬɟɬ ɢ ɜɪɟɦɹ ɪɚɫɱɟɬɚ, ɢ ɤɨɥɢɱɟɫɬɜɨ ɬɪɟɛɭɟɦɨɣ 
ɨɩɟɪɚɬɢɜɧɨɣ ɩɚɦɹɬɢ. Ɍɚɤɠɟ ɢɡ ɫɪɚɜɧɟɧɢɹ ɹɫɧɨ, ɱɬɨ ɦɟɬɨɞɵ, ɢɫɩɨɥɶɡɭɸɳɢɟɫɹ ɜ 
HFSS ɞɥɹ ɚɧɚɥɢɡɚ ɦɧɨɝɨɦɨɞɨɜɵɯ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ, ɧɟ ɩɨɡɜɨɥɹɸɬ ɜ ɩɨɥɧɨɣ ɦɟɪɟ 
ɨɬɪɚɡɢɬɶ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɧɟɫɦɨɬɪɹ ɧɚ ɯɨɪɨɲɭɸ ɬɨɱɧɨɫɬɶ 
ɨɩɪɟɞɟɥɟɧɢɹ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɩɪɢ ɞɨɥɠɧɨɦ ɜɵɛɨɪɟ ɱɚɫɬɨɬɧɨɝɨ ɪɚɡɛɢɟɧɢɹ. ȼ 
ɱɚɫɬɧɨɫɬɢ, ɩɪɢ ɚɧɚɥɢɡɟ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜ HFSS, ɧɚɱɢɧɚɹ ɫ 
ɧɟɤɨɬɨɪɨɣ ɱɚɫɬɨɬɵ, ɧɟɜɟɪɧɨ ɨɩɪɟɞɟɥɹɟɬɫɹ ɬɢɩ ɜɨɥɧɵ. ɏɨɬɹ, ɤɨɧɟɱɧɨ, ɩɪɢ 
ɞɨɥɠɧɨɣ ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɩɨɞɝɨɬɨɜɤɟ ɧɟ ɫɨɫɬɚɜɢɬ ɬɪɭɞɚ ɩɪɚɜɢɥɶɧɨ 
ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɬɶ ɪɟɡɭɥɶɬɚɬ.  
 
Ɋɢɫ. 2.17 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ ɡɚɩɨɥɧɟɧɢɹ: İ1 = 9, İ2 = 9, İ3 = 1, r1 = r2 = 0,38r3, r3 = 33ɦɦ 
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Ɋɢɫ. 2.18 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ ɡɚɩɨɥɧɟɧɢɹ: İ1 = 1, İ2 = 4, İ3 = 1, r1 = 0,43r3, r2 = 0,57r3, r3 = 33ɦɦ 
ɇɟ ɪɚɫɫɦɨɬɪɟɧɧɵɟ ɜ ɞɚɧɧɨɦ ɪɚɡɞɟɥɟ ɜɨɥɧɵ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ɞɥɹ 
ɩɟɪɟɞɚɱɢ ɷɧɟɪɝɢɢ ɩɪɢɦɟɧɹɸɬɫɹ ɞɨɜɨɥɶɧɨ ɪɟɞɤɨ, ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, ɢɡ-ɡɚ 
ɭɫɥɨɠɧɟɧɢɹ ɤɚɪɬɢɧɵ ɩɨɥɹ ɜ ɩɨɩɟɪɟɱɧɨɦ ɫɟɱɟɧɢɢ ɢ ɫɥɨɠɧɨɫɬɢ ɮɢɥɶɬɪɚɰɢɢ 
ɧɢɡɲɢɯ ɬɢɩɨɜ ɜɨɥɧ. Ʉɪɨɦɟ ɬɨɝɨ, ɜɫɟ ɨɫɬɚɥɶɧɵɟ ɜɨɥɧɵ ɹɜɥɹɸɬɫɹ ɜɵɫɲɢɦɢ 
ɬɢɩɚɦɢ ɩɪɢ ɥɸɛɨɣ ɤɨɧɮɢɝɭɪɚɰɢɢ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɢ ɢɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ 
ɜɨɡɦɨɠɧɨ ɬɨɥɶɤɨ ɧɚ ɨɱɟɧɶ ɜɵɫɨɤɢɯ ɱɚɫɬɨɬɚɯ.  
2.4 Ʉɨɷɮɮɢɰɢɟɧɬɵ ɡɚɬɭɯɚɧɢɹ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɜ ɬɟɨɪɢɢ ɢ ɩɪɚɤɬɢɤɟ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ ɞɥɹ 
ɪɚɫɱɟɬɚ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ, ɨɛɭɫɥɨɜɥɟɧɧɵɯ ɩɨɬɟɪɹɦɢ ɜ ɪɟɚɥɶɧɨɦ 
ɦɟɬɚɥɥɟ ɫɬɟɧɨɤ, ɧɚɢɛɨɥɶɲɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɩɨɥɭɱɢɥɢ ɦɟɬɨɞɵ, ɢɫɩɨɥɶɡɭɸɳɢɟ 
ɩɪɢɛɥɢɠɟɧɧɵɟ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ Ʌɟɨɧɬɨɜɢɱɚ [69]. ɇɟɫɦɨɬɪɹ ɧɚ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɨɜɪɟɦɟɧɧɵɯ ɱɢɫɥɟɧɧɵɯ ɦɟɬɨɞɨɜ, ɞɚɸɳɢɯ ɯɨɪɨɲɭɸ ɫɯɨɞɢɦɨɫɬɶ 
ɩɪɢ ɩɨɢɫɤɟ ɤɨɪɧɟɣ ɬɪɚɧɫɰɟɧɞɟɧɬɧɵɯ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɧɚ 
ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ, ɬɚɤɢɟ ɭɫɥɨɜɢɹ ɞɚɸɬ ɯɨɪɨɲɭɸ ɬɨɱɧɨɫɬɶ, ɤɚɤ ɢɡɜɟɫɬɧɨ, 
ɥɢɲɶ ɩɪɢ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɢɯ ɡɧɚɱɟɧɢɹɯ ɩɪɨɜɨɞɢɦɨɫɬɢ ɦɚɬɟɪɢɚɥɚ ɫɬɟɧɨɤ 
ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ. ɉɪɟɞɥɚɝɚɟɦɵɣ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɣ ɦɟɬɨɞ ɩɨɡɜɨɥɹɟɬ ɪɟɲɢɬɶ 
ɡɚɞɚɱɭ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ, ɨɛɭɫɥɨɜɥɟɧɧɵɯ ɩɨɬɟɪɹɦɢ ɜ 
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ɦɟɬɚɥɥɟ, ɱɟɪɟɡ ɩɨɢɫɤ ɤɨɦɩɥɟɤɫɧɵɯ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɜ ɫɬɪɨɝɨɣ ɩɨɫɬɚɧɨɜɤɟ 
ɡɚɞɚɱɢ, ɱɬɨ ɨɛɟɫɩɟɱɢɬ ɛɨɥɶɲɭɸ ɬɨɱɧɨɫɬɶ ɢ ɞɨɫɬɨɜɟɪɧɨɫɬɶ ɪɟɡɭɥɶɬɚɬɨɜ. 
ɉɪɢɬɨɦ ɞɥɹ ɪɟɲɟɧɢɹ ɞɚɧɧɨɣ ɡɚɞɚɱɢ ɧɟ ɬɪɟɛɭɟɬɫɹ ɫɭɳɟɫɬɜɟɧɧɨ ɢɡɦɟɧɹɬɶ 
ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɭɪɚɜɧɟɧɢɹ (2.7). ɉɨ ɫɭɬɢ, ɞɨɫɬɚɬɨɱɧɨ ɜ ɫɨɡɞɚɧɧɵɯ ɩɪɨɝɪɚɦɦɚɯ 
ɪɚɫɱɟɬɚ ɧɚɩɪɚɜɥɟɧɧɵɯ ɦɨɞɚɥɶɧɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ ɩɪɨɜɨɞɢɦɨɫɬɟɣ ɢɡɦɟɧɢɬɶ 
ɥɢɲɶ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɜɵɱɢɫɥɟɧɢɹ ɤɨɧɰɟɜɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ ɩɪɨɜɨɞɢɦɨɫɬɟɣ 
(2.3) ɢ (2.4), ɜɨɫɩɨɥɶɡɨɜɚɜɲɢɫɶ ɮɨɪɦɭɥɚɦɢ (1.110) ɢ (1.111), ɬ.ɟ. ɩɪɟɞɫɬɚɜɢɬɶ ɢɯ 
ɜ ɫɥɟɞɭɸɳɟɦ ɜɢɞɟ 
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Ɉɞɧɚɤɨ ɩɪɢ ɷɬɨɦ ɱɢɫɥɨ ɭɱɚɫɬɜɭɸɳɢɯ ɜ ɪɚɫɱɟɬɟ ɫɥɨɟɜ ɫɨɤɪɚɳɚɟɬɫɹ ɧɚ 1, ɟɫɥɢ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɭɠɟ ɩɨɥɭɱɟɧɧɵɟ ɜ ɪɚɡɞɟɥɟ 2.1 ɫɨɨɬɧɨɲɟɧɢɹ. ɉɪɢ ɭɱɟɬɟ ɬɨɥɶɤɨ 
ɩɨɬɟɪɶ ɜ ɫɥɨɹɯ ɡɚɩɨɥɧɟɧɢɹ ɬɚɤɨɝɨ ɫɨɤɪɚɳɟɧɢɹ ɧɟ ɩɪɨɢɫɯɨɞɢɬ. 
ɋ ɜɜɟɞɟɧɢɟɦ ɧɟɢɞɟɚɥɶɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɜ ɧɚɩɪɚɜɥɹɸɳɭɸ ɫɢɫɬɟɦɭ 
ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɹɬɶ ɩɨɢɫɤ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɜ ɤɚɱɟɫɬɜɟ ɪɟɲɟɧɢɣ 
ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɧɚ ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ. ȼ ɪɚɛɨɬɟ ɞɥɹ ɷɬɨɝɨ 
ɢɫɩɨɥɶɡɭɟɬɫɹ ɦɟɬɨɞ ɨɜɪɚɝɨɜ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ, ɨɛɪɚɡɨɜɚɧɧɨɣ ɧɚɞ ɤɨɦɩɥɟɤɫɧɨɣ 
ɩɥɨɫɤɨɫɬɶɸ ɦɨɞɭɥɟɦ ɥɟɜɨɣ ɱɚɫɬɢ ɭɪɚɜɧɟɧɢɣ ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ (2.7). 
Ɍɚɤɨɣ ɫɩɨɫɨɛ ɹɜɥɹɟɬɫɹ ɞɨɫɬɚɬɨɱɧɨ ɪɟɫɭɪɫɨɟɦɤɢɦ, ɢ ɧɟ ɨɛɟɫɩɟɱɢɜɚɟɬ 
ɧɚɯɨɠɞɟɧɢɟ ɜɫɟɯ ɜɨɡɦɨɠɧɵɯ ɤɨɪɧɟɣ ɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɭɪɚɜɧɟɧɢɹ ɛɟɡ ɡɧɚɧɢɹ ɢɯ 
ɩɪɢɛɥɢɠɟɧɧɵɯ ɡɧɚɱɟɧɢɣ, ɨɞɧɚɤɨ ɩɨɡɜɨɥɹɟɬ ɞɨɫɬɚɬɨɱɧɨ ɬɨɱɧɨ ɨɩɪɟɞɟɥɹɬɶ ɷɬɢ 
ɤɨɪɧɢ ɞɥɹ ɲɢɪɨɤɨɝɨ ɞɢɚɩɚɡɨɧɚ ɤɨɧɮɢɝɭɪɚɰɢɣ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ. ȼ ɪɚɛɨɬɟ 
[12] ɩɪɟɞɥɚɝɚɟɬɫɹ, ɧɚɩɪɢɦɟɪ, ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɥɹ ɪɟɲɟɧɢɹ ɞɢɫɩɟɪɫɢɨɧɧɵɯ 
ɭɪɚɜɧɟɧɢɣ ɧɚ ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ ɤɨɦɛɢɧɚɰɢɸ ɦɟɬɨɞɨɜ Ɇɸɥɥɟɪɚ ɢ 
ɜɚɪɢɚɰɢɢ ɮɚɡɵ, ɱɬɨ, ɩɨ ɦɧɟɧɢɸ ɚɜɬɨɪɨɜ, ɭɫɬɪɚɧɢɬ ɩɪɢɜɟɞɟɧɧɵɟ ɧɟɞɨɫɬɚɬɤɢ. ȼ 
ɛɭɞɭɳɟɦ ɩɥɚɧɢɪɭɟɬɫɹ ɞɨɪɚɛɨɬɚɬɶ ɚɥɝɨɪɢɬɦ, ɢɫɩɨɥɶɡɭɟɦɵɣ ɜ ɪɚɛɨɬɟ ɞɥɹ 
ɩɪɢɦɟɧɟɧɢɹ ɷɬɢɯ ɦɟɬɨɞɨɜ ɩɨɢɫɤɚ ɤɨɪɧɟɣ. 
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ɇɚ ɪɢɫ. 2.19 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ 
ɧɟɫɤɨɥɶɤɢɯ ɬɢɩɨɜ ɜɨɥɧ ɜ ɩɨɥɨɦ ɦɟɞɧɨɦ ɜɨɥɧɨɜɨɞɟ ( 75,7 10σ = ⋅  ɋɢɦ/ɦ). ɇɚ 
ɩɨɥɭɱɟɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɹɯ ɧɚɛɥɸɞɚɟɬɫɹ ɯɚɪɚɤɬɟɪɧɨɟ ɜɨɡɪɚɫɬɚɧɢɟ 
ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ ɜɛɥɢɡɢ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɢ ɜ ɨɛɥɚɫɬɢ ɜɵɫɨɤɢɯ 
ɱɚɫɬɨɬ. Ɍɚɤɠɟ ɡɚɦɟɬɧɚ ɚɧɨɦɚɥɶɧɚɹ ɞɢɫɩɟɪɫɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ ɜɨɥɧɵ 
ɇ01. ȼ ɰɟɥɨɦ ɡɚɜɢɫɢɦɨɫɬɢ ɫɨɜɩɚɞɚɸɬ ɫ ɩɨɥɭɱɚɟɦɵɦɢ ɩɨ ɫɥɟɞɭɸɳɢɦ ɮɨɪɦɭɥɚɦ 
ɢɡ [70] 
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Ɍɚɤɨɟ ɫɨɜɩɚɞɟɧɢɟ ɨɛɭɫɥɨɜɥɟɧɨ, ɤɚɤ ɛɵɥɨ ɭɤɚɡɚɧɨ ɜɵɲɟ, ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɶɸ ɦɟɬɚɥɥɚ ɫɬɟɧɨɤ (ɦɟɞɢ), ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɢ 
ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɢɦɟɧɟɧɢɹ ɩɪɢɛɥɢɠɟɧɧɵɯ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ Ʌɟɨɧɬɨɜɢɱɚ, ɫ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɨɬɨɪɵɯ ɩɨɥɭɱɟɧɵ ɜɵɪɚɠɟɧɢɹ (2.24)-(2.25). 
 
Ɋɢɫ. 2.19 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ ɜ 
ɤɪɭɝɥɨɦ ɩɨɥɨɦ ɦɟɞɧɨɦ ɜɨɥɧɨɜɨɞɟ 
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ɇɟɫɨɨɬɜɟɬɫɬɜɢɟ ɭɫɥɨɜɢɣ Ʌɟɨɧɬɨɜɢɱɚ ɫɬɪɨɝɨɦɭ ɪɟɲɟɧɢɸ ɜ ɨɛɥɚɫɬɢ 
ɜɵɫɨɤɢɯ ɱɚɫɬɨɬ ɧɚɱɢɧɚɟɬ ɩɪɨɹɜɥɹɬɶɫɹ ɜ ɩɨɥɨɦ ɜɨɥɧɨɜɨɞɟ ɩɪɢ ɩɪɨɜɨɞɢɦɨɫɬɹɯ 
ɫɬɟɧɨɤ ɦɟɧɟɟ 102–103 ɋɢɦ/ɦ. Ⱦɥɹ ɫɪɚɜɧɟɧɢɹ ɧɚ ɪɢɫ. 2.20, 2.21 ɩɪɢɜɟɞɟɧɵ 
ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɩɨɥɨɝɨ ɤɪɭɝɥɨɝɨ 
ɜɨɥɧɨɜɨɞɚ, ɪɚɫɫɱɢɬɚɧɧɵɟ ɩɨ (2.24) ɢ ɩɪɟɞɥɚɝɚɟɦɵɦ ɦɟɬɨɞɨɦ ɞɥɹ ɩɪɨɜɨɞɢɦɨɫɬɢ 
ɫɬɟɧɨɤ 102–103
 
ɋɢɦ/ɦ. 
 
Ɋɢɫ. 2.20 Ʉɨɷɮɮɢɰɢɟɧɬɵ ɡɚɬɭɯɚɧɢɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɜ ɤɪɭɝɥɨɦ ɩɨɥɨɦ ɜɨɥɧɨɜɨɞɟ 
ɫ 310σ =  ɋɢɦ/ɦ (ɫɩɥɨɲɧɚɹ ɥɢɧɢɹ – ɪɚɫɱɟɬ ɩɪɟɞɥɚɝɚɟɦɵɦ ɦɟɬɨɞɨɦ, ɩɭɧɤɬɢɪɧɚɹ 
– ɩɨ (2.24) 
Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɨɲɢɛɤɚ ɮɨɪɦɭɥɵ (2.24) ɜɨɡɪɚɫɬɚɟɬ ɫ ɪɨɫɬɨɦ ɪɚɫɱɟɬɧɨɣ 
ɱɚɫɬɨɬɵ ɢ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɩɪɨɜɨɞɢɦɨɫɬɢ ɦɚɬɟɪɢɚɥɚ ɫɬɟɧɨɤ. Ɍɚɤɠɟ ɩɨ 
ɩɪɢɜɟɞɟɧɧɵɦ ɡɚɜɢɫɢɦɨɫɬɹɦ ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ ɧɟɡɧɚɱɢɬɟɥɶɧɨɟ ɭɦɟɧɶɲɟɧɢɟ 
ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɬɟɧɨɤ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ. 
Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɨɰɟɧɢɬɶ ɨɲɢɛɤɭ ɩɨɫɬɪɨɢɦ ɝɪɚɮɢɤ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ 
(ɪɢɫ. 2.22). ȼ ɨɛɥɚɫɬɢ ɱɚɫɬɨɬ, ɛɥɢɡɤɢɯ ɤ ɤɪɢɬɢɱɟɫɤɢɦ, ɜɵɫɨɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ, 
ɜɟɪɨɹɬɧɨ, ɨɛɭɫɥɨɜɥɟɧɚ ɛɨɥɶɲɢɦ ɤɨɥɢɱɟɫɬɜɨɦ ɨɬɪɚɠɟɧɢɣ ɩɚɪɰɢɚɥɶɧɵɯ ɜɨɥɧ ɨɬ 
ɫɬɟɧɨɤ ɜɨɥɧɨɜɨɞɚ, ɜɟɞɭɳɢɦ ɤ ɭɜɟɥɢɱɟɧɢɸ ɫɭɦɦɚɪɧɨɣ ɨɲɢɛɤɢ ɜɵɱɢɫɥɟɧɢɹ  
ɡɚɬɭɯɚɧɢɹ, ɥɢɛɨ ɭɜɟɥɢɱɟɧɢɟɦ ɝɥɭɛɢɧɵ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɩɨɥɹ ɜ ɦɟɬɚɥɥ ɫɬɟɧɨɤ, 
ɥɢɛɨ ɫɦɟɳɟɧɢɟɦ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɢɡ-ɡɚ ɧɚɥɢɱɢɹ ɩɨɬɟɪɶ. ȼ ɨɛɥɚɫɬɢ ɜɵɫɨɤɢɯ 
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ɱɚɫɬɨɬ ɫ ɪɨɫɬɨɦ ɱɚɫɬɨɬɵ ɩɨɝɪɟɲɧɨɫɬɶ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɥɢɧɟɣɧɨ ɢ ɭɠɟ ɩɪɢ 
0 1,1R λ ≈  ɫɬɚɧɨɜɢɬɫɹ ɛɨɥɶɲɟ 10 %. 
 
Ɋɢɫ. 2.21 Ʉɨɷɮɮɢɰɢɟɧɬɵ ɡɚɬɭɯɚɧɢɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɜ ɤɪɭɝɥɨɦ ɩɨɥɨɦ ɜɨɥɧɨɜɨɞɟ 
ɫ 210σ =  ɋɢɦ/ɦ (ɫɩɥɨɲɧɚɹ ɥɢɧɢɹ – ɪɚɫɱɟɬ ɩɪɟɞɥɚɝɚɟɦɵɦ ɦɟɬɨɞɨɦ, ɩɭɧɤɬɢɪɧɚɹ 
– ɩɨ (2.24) 
 
Ɋɢɫ. 2.22 Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ 
ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɜ ɤɪɭɝɥɨɦ ɩɨɥɨɦ ɜɨɥɧɨɜɨɞɟ ɫ 210σ =  ɋɢɦ/ɦ ɩɨ (2.24) 
ȼ ɰɟɥɨɦ (2.24) ɞɚɟɬ ɯɨɪɨɲɢɟ ɪɟɡɭɥɶɬɚɬɵ ɩɪɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɬɟɧɨɤ ɜɵɲɟ 
104 ɋɢɦ/ɦ ɢ ɩɨɞɯɨɞɢɬ ɞɥɹ ɪɚɫɱɟɬɚ ɡɚɬɭɯɚɧɢɹ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɜ ɩɨɥɵɯ 
83 
 
ɜɨɥɧɨɜɨɞɚɯ ɫɨ ɫɬɟɧɤɚɦɢ, ɜɵɩɨɥɧɟɧɧɵɦɢ ɢɡ ɧɚɢɛɨɥɟɟ ɱɚɫɬɨ ɩɪɢɦɟɧɹɟɦɵɯ 
ɦɚɬɟɪɢɚɥɨɜ (ɦɟɞɶ, ɚɥɸɦɢɧɢɣ, ɥɚɬɭɧɶ ɢ ɩɨɞɨɛɧɵɯ).  
ɋ ɩɪɢɦɟɧɟɧɢɟɦ ɨɩɢɫɚɧɧɨɝɨ ɦɟɬɨɞɚ ɬɚɤɠɟ ɜɨɡɦɨɠɟɧ ɭɱɟɬ ɤɨɧɟɱɧɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɞɢɷɥɟɤɬɪɢɤɚ, ɡɚɩɨɥɧɹɸɳɟɝɨ ɜɨɥɧɨɜɨɞ, ɩɭɬɟɦ ɜɜɟɞɟɧɢɹ 
ɤɨɦɩɥɟɤɫɧɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ a a aj′ ′′ε = ε − ε . ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, 
ɞɥɹ ɭɱɟɬɚ ɩɨɬɟɪɶ ɜ ɞɢɷɥɟɤɬɪɢɤɟ ɧɟɬ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɡɚɦɟɧɹɬɶ ɢɥɢ 
ɦɨɞɢɮɢɰɢɪɨɜɚɬɶ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ ɦɨɞɚɥɶɧɵɯ ɧɚɩɪɚɜɥɟɧɧɵɯ 
ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ ɩɪɨɜɨɞɢɦɨɫɬɟɣ. 
 
Ɋɢɫ. 2.23 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ ɜ 
ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ ɫ ɜɬɭɥɤɨɣ ɫ ȝ = 1,5–2j ɞɥɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ 
Ⱦɥɹ ɫɪɚɜɧɟɧɢɹ ɫ ɢɡɜɟɫɬɧɵɦ ɱɚɫɬɧɵɦ ɫɥɭɱɚɟɦ, ɨɩɢɫɚɧɧɵɦ ɜ [26], ɛɵɥɢ 
ɩɨɥɭɱɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ ɞɥɹ ɜɨɥɧɨɜɨɞɚ ɫ ɜɬɭɥɤɨɣ ɫ 
ɦɚɝɧɢɬɧɵɦɢ ɩɨɬɟɪɹɦɢ ɧɚ ɨɫɧɨɜɧɨɣ ɜɨɥɧɟ HE11 (ɪɢɫ. 2.23), ɧɚ ɜɵɫɲɟɦ ɬɢɩɟ ȿɇ11 
(ɪɢɫ. 2.24) ɢ ɝɢɛɪɢɞɧɨɣ ɜɨɥɧɵ ɇȿ12 (ɪɢɫ. 2.25). 
ɉɨɥɭɱɟɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɨɥɧɨɫɬɶɸ ɫɨɜɩɚɞɚɸɬ ɫ ɢɡɜɟɫɬɧɵɦɢ, ɱɬɨ 
ɩɨɞɬɜɟɪɠɞɚɟɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɦɟɬɨɞɚ ɞɥɹ ɚɧɚɥɢɡɚ ɫɬɪɭɤɬɭɪ ɫ 
ɦɚɝɧɢɬɧɵɦɢ ɩɨɬɟɪɹɦɢ. Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɞɚɧɧɨɣ ɝɥɚɜɵ ɨɬɪɚɠɟɧɵ ɜ 
ɩɭɛɥɢɤɚɰɢɹɯ [83-90, 95, 97-101]. 
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Ɋɢɫ. 2.24 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ ɜ 
ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ ɫ ɜɬɭɥɤɨɣ ɫ ȝ = 1,5–2j ɞɥɹ ɜɨɥɧɵ ȿɇ11 
 
Ɋɢɫ. 2.25 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ ɜ 
ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ ɫ ɜɬɭɥɤɨɣ ɫ ȝ = 1,5–2j ɞɥɹ ɜɨɥɧɵ ɇȿ12 
 
85 
 
ȽɅȺȼȺ 3 ɈɋɈȻȿɇɇɈɋɌɂ ȺɇȺɅɂɁȺ ɋɌɊɍɄɌɍɊ, 
ɉɈȾȾȿɊɀɂȼȺɘɓɂɏ ɄȼȺɁɂ-Ɍ ȼɈɅɇɕ 
ȼ ɞɚɧɧɨɣ ɝɥɚɜɟ ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɦɚɬɟɦɚɬɢɱɟɫɤɢɣ ɚɩɩɚɪɚɬ ɢɡ ɝɥɚɜɵ 1 ɢ 
ɦɟɬɨɞ ɩɨɢɫɤɚ ɤɨɪɧɟɣ ɬɪɚɧɫɰɟɧɞɟɧɬɧɨɝɨ ɭɪɚɜɧɟɧɢɹ ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ ɢɡ 
ɝɥɚɜɵ 2 ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɚɧɚɥɢɡɚ ɷɤɪɚɧɢɪɨɜɚɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ 
ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɬɪɭɤɬɭɪ, ɩɨɞɞɟɪɠɢɜɚɸɳɢɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɤɜɚɡɢ-Ɍ ɜɨɥɧ 
(ɤɨɚɤɫɢɚɥɶɧɵɯ ɥɢɧɢɣ ɫɨ ɫɥɨɢɫɬɵɦ ɦɚɝɧɢɬɨ-ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɡɚɩɨɥɧɟɧɢɟɦ). 
ɂɫɫɥɟɞɨɜɚɧɢɸ ɬɚɤɢɯ ɫɬɪɭɤɬɭɪ ɩɨɫɜɹɳɟɧɨ ɨɬɧɨɫɢɬɟɥɶɧɨ ɦɚɥɨɟ ɤɨɥɢɱɟɫɬɜɨ 
ɩɭɛɥɢɤɚɰɢɣ. Ⱦɚɧɧɨɟ ɨɛɫɬɨɹɬɟɥɶɫɬɜɨ ɨɛɴɹɫɧɹɟɬɫɹ, ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ, 
ɫɥɨɠɧɨɫɬɶɸ ɪɟɚɥɢɡɚɰɢɢ ɩɨɞɨɛɧɵɯ ɫɬɪɭɤɬɭɪ, ɚ ɬɚɤɠɟ ɨɬɧɨɫɢɬɟɥɶɧɨɣ 
ɫɥɨɠɧɨɫɬɶɸ ɢɯ ɪɚɫɱɟɬɚ ɭɫɬɨɹɜɲɢɦɢɫɹ ɦɟɬɨɞɚɦɢ. Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɢɯ ɚɧɚɥɢɡ 
ɧɟɨɛɯɨɞɢɦ, ɬ.ɤ., ɧɚɩɪɢɦɟɪ, ɡɚɩɨɥɧɟɧɢɟ ɭɠɟ ɢɫɩɨɥɶɡɭɟɦɵɯ ɤɨɚɤɫɢɚɥɶɧɵɯ ɥɢɧɢɢ 
ɦɨɠɟɬ ɩɪɨɹɜɥɹɬɶ ɫɜɨɸ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶ ɜ ɨɩɪɟɞɟɥɟɧɧɵɯ ɭɫɥɨɜɢɹɯ. Ⱦɥɹ 
ɚɞɟɤɜɚɬɧɨɝɨ ɚɧɚɥɢɡɚ ɦɧɨɝɨɫɥɨɣɧɵɯ ɤɨɚɤɫɢɚɥɶɧɵɯ ɥɢɧɢɣ ɜ ɞɚɧɧɨɣ ɝɥɚɜɟ: 
1) ɜɵɜɨɞɹɬɫɹ ɫɨɨɬɧɨɲɟɧɢɹ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɜ 
ɦɧɨɝɨɫɥɨɣɧɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ, ɜɤɥɸɱɚɹ Ɍ-ɜɨɥɧɭ (ɪɚɡɞɟɥ 3.1),  
2) ɫɨɫɬɚɜɥɟɧɚ ɩɪɨɝɪɚɦɦɚ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ ɪɚɞɢɚɥɶɧɨ-ɧɟɨɞɧɨɪɨɞɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ (ɪɚɡɞɟɥ 3.2),  
3) ɚɧɚɥɢɡɢɪɭɸɬɫɹ ɨɫɨɛɟɧɧɨɫɬɢ ɪɚɫɫɱɢɬɚɧɧɵɯ ɞɢɫɩɟɪɫɢɨɧɧɵɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ (ɪɚɡɞɟɥɵ 3.3, 3.4) ɢ ɢɯ ɫɪɚɜɧɟɧɢɟ ɫ 
ɢɡɜɟɫɬɧɵɦɢ ɱɚɫɬɧɵɦɢ ɫɥɭɱɚɹɦɢ,  
4) ɜ ɤɨɧɰɟ ɝɥɚɜɵ ɤɪɚɬɤɨ ɮɨɪɦɭɥɢɪɭɸɬɫɹ ɞɨɫɬɢɝɧɭɬɵɟ ɪɟɡɭɥɶɬɚɬɵ. 
3.1 ȼɵɜɨɞ ɨɫɧɨɜɧɵɯ ɪɚɫɱɟɬɧɵɯ ɫɨɨɬɧɨɲɟɧɢɣ 
Ɋɚɫɱɟɬɧɵɟ ɫɨɨɬɧɨɲɟɧɢɹ ɞɥɹ ɫɬɪɭɤɬɭɪɵ, ɫɨɞɟɪɠɚɳɟɣ ɜɧɟɲɧɸɸ ɢ 
ɜɧɭɬɪɟɧɧɸɸ ɦɟɬɚɥɥɢɱɟɫɤɢɟ ɝɪɚɧɢɰɵ (ɪɢɫ. 3.1) ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ, ɩɪɟɨɛɪɚɡɨɜɚɜ 
ɜɵɪɚɠɟɧɢɹ ɢɡ ɪɚɡɞɟɥɚ 2.1. Ⱦɨɫɬɚɬɨɱɧɨ ɛɭɞɟɬ ɜ ɧɢɯ ɢɡɦɟɧɢɬɶ ɮɨɪɦɭɥɵ ɞɥɹ 
ɪɚɫɱɟɬɚ ɤɨɧɰɟɜɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ ɩɪɨɜɨɞɢɦɨɫɬɟɣ. ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɡɚ ɨɩɨɪɧɨɟ 
ɩɪɢ ɪɚɫɱɟɬɟ, ɤɚɤ ɢ ɜ ɩɪɟɞɵɞɭɳɟɣ ɝɥɚɜɟ, ɭɞɨɛɧɨ ɜɡɹɬɶ ɫɟɱɟɧɢɟ 1pr r−= . 
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Ɋɢɫ. 3.1 ɉɨɩɟɪɟɱɧɨɟ ɫɟɱɟɧɢɟ ɢɫɫɥɟɞɭɟɦɨɣ ɫɬɪɭɤɬɭɪɵ 
ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ (1.108), (1.109), (1.114), (1.115) ɤɨɧɰɟɜɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ 
ɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɞɥɹ ɇ ɢ ȿ–ɥɢɧɢɣ ɞɥɹ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɫɥɭɱɚɹ ɨɩɪɟɞɟɥɹɸɬɫɹ 
ɫɥɟɞɭɸɳɢɦɢ ɜɵɪɚɠɟɧɢɹɦɢ: 
1 1 1 0 1 1 0 0
1 0 0 1
1 2 1 0 1 1 0 0
( , )
( , )
m
H
m
S k r k rZ jZ k r
C k r k r
−
μ β β
= − β β β
H
, (3.1)
3 1 3 0 2 3 0 3
2 0 0 2
3 2 3 0 2 3 0 3
( , )
( , )
m
H
m
S k r k rZ jZ k r
C k r k r
+ μ β β
= β β β
G
, (3.2)
1 1 1 0 1 1 0 0
1 0 0 1
1 2 1 0 1 1 0 0
( , )
( , )
m
E
m
C k r k rY jY k r
S k r k r
−
ε β β
= β β β
H
, (3.3)
3 1 3 0 2 3 0 3
2 0 0 2
3 2 3 0 2 3 0 3
( , )
( , )
m
E
m
C k r k rY jY k r
S k r k r
+ ε β β
= − β β β
G
. (3.4)
ɉɪɢ ɪɚɫɱɟɬɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɫ ɬɚɤɨɣ 
ɤɨɧɮɢɝɭɪɚɰɢɟɣ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɫɩɪɚɜɟɞɥɢɜɵ ɜɵɪɚɠɟɧɢɹ (2.5)-(2.11) ɞɥɹ 
ɷɥɟɦɟɧɬɨɜ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɪɚɞɢɚɥɶɧɵɯ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɜ ɤɪɭɝɥɨɦ ɬɪɟɯɫɥɨɣɧɨɦ 
ɜɨɥɧɨɜɨɞɟ. ɗɬɨ ɬɚɤ ɠɟ ɩɨɤɚɡɵɜɚɟɬ ɭɞɨɛɫɬɜɨ, ɝɢɛɤɨɫɬɶ ɢ ɭɧɢɜɟɪɫɚɥɶɧɨɫɬɶ 
ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɦɨɞɟɥɢ ɞɥɹ ɪɚɫɱɟɬɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ. 
Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤ Ɍ-ɜɨɥɧɵ, ɹɜɥɹɸɳɟɣɫɹ ɨɫɧɨɜɧɨɣ ɞɥɹ 
ɢɫɫɥɟɞɭɟɦɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɧɟɨɛɯɨɞɢɦɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɦɟɬɨɞ, 
ɧɟɫɤɨɥɶɤɨ ɨɬɥɢɱɧɵɣ ɨɬ ɦɟɬɨɞɚ ɚɧɚɥɢɡɚ ɫɨɛɫɬɜɟɧɧɵɯ ɇ ɢ ȿ ɜɨɥɧ. ɗɬɨ ɫɜɹɡɚɧɨ ɫ 
ˢ
ˢ
ˢ
U
U
UU
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ɨɬɫɭɬɫɬɜɢɟɦ ɩɪɨɞɨɥɶɧɵɯ ɤɨɦɩɨɧɟɧɬ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɧɨɫɬɟɣ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ 
ɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɭ Ɍ-ɜɨɥɧɵ. 
ɇɚɪɹɞɭ ɫ ɧɟɨɛɯɨɞɢɦɨɫɬɶɸ ɪɚɫɱɟɬɚ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɚɠɧɵɦ 
ɹɜɥɹɟɬɫɹ ɨɩɪɟɞɟɥɟɧɢɟ ɜɨɥɧɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɚɧɚɥɢɡɢɪɭɟɦɵɯ ɥɢɧɢɣ. 
ȼɨɥɧɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɞɥɹ Ɍ-ɜɨɥɧɵ ɨɩɪɟɞɟɥɢɦ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
2
2
U
P
ρ =
⋅
, (3.5)
ɝɞɟ U – ɧɚɩɪɹɠɟɧɢɟ ɦɟɠɞɭ ɩɪɨɜɨɞɧɢɤɚɦɢ, P - ɦɨɳɧɨɫɬɶ, ɩɟɪɟɞɚɜɚɟɦɚɹ Ɍ-
ɜɨɥɧɨɣ. 
ȼɵɜɨɞ ɢɫɤɨɦɵɯ ɫɨɨɬɧɨɲɟɧɢɣ ɧɚɱɧɟɦ ɫ ɨɩɪɟɞɟɥɟɧɢɹ ɫɜɹɡɢ ɩɨɩɟɪɟɱɧɵɯ 
ɤɨɦɩɨɧɟɧɬ ɩɨɥɹ Ɍ-ɜɨɥɧɵ ɫ ɩɪɨɞɨɥɶɧɵɦɢ ɤɨɦɩɨɧɟɧɬɚɦɢ ɩɨɥɹ ȿ-ɜɨɥɧɵ ɩɪɢ m=0. 
Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɤɨɦɩɨɧɟɧɬ ɩɨɥɹ ȿ-ɜɨɥɧɵ ɧɟɨɛɯɨɞɢɦɨ ɜ (1.158)-(1.161) ɩɨɥɨɠɢɬɶ 
ɤɨɦɩɨɧɟɧɬɭ Hzmh=0. Ɍɨɝɞɚ ɫɩɟɤɬɪɚɥɶɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɪɚɞɢɚɥɶɧɨɣ ɤɨɦɩɨɧɟɧɬɵ 
ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɩɪɢɦɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ 
2
zmh
rmh
q
jh dEE
dr
= − ⋅
γ
, (3.6)
ɝɞɟ q – ɨɛɥɚɫɬɶ ɬɨɱɤɢ ɧɚɛɥɸɞɟɧɢɹ. 
ɉɭɫɬɶ ɥɢɧɢɹ ɩɟɪɟɞɚɱɢ ɜɨɡɛɭɠɞɚɟɬɫɹ ɤɨɥɶɰɨɦ ɦɚɝɧɢɬɧɨɝɨ ɬɨɤɚ, 
ɪɚɫɩɨɥɨɠɟɧɧɵɦ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɜɧɭɬɪɟɧɧɟɝɨ ɩɪɨɜɨɞɧɢɤɚ. ɉɪɨɟɤɰɢɢ ɩɥɨɬɧɨɫɬɢ 
ɷɬɨɝɨ ɬɨɤɚ ɡɚɩɢɲɟɦ ɬɚɤ 
00, 0, ( , , ) ( ) ( )ɷ ɷ Ɇ Mz r A AJ J J r z I r r z zφ ′ ′ ′ ′ ′= = φ = ⋅δ − δ − . 
Ɍɨɝɞɚ ɩɨ ɮɨɪɦɭɥɚɦ (1.132) ɢ (1.133), ɫ ɭɱɟɬɨɦ ɬɨɝɨ, ɱɬɨ ɢɫɬɨɱɧɢɤ 
ɜɨɡɛɭɠɞɟɧɢɹ ɧɚɯɨɞɢɬɫɹ ɜ ɩɟɪɜɨɦ ɫɥɨɟ (i=1), ɩɨɥɭɱɚɟɦ:  
, 10
1 1 2
1 0 1
( , ; , ,)( , , , ) ( , ; , ,)( )
V
p qȿ ME i
E n
E
Tk dV r r m hɎ r r z V r r m h J
k drY
−
φ
′
′ ′ ′φ = ω⋅ ε ⋅ ⋅ ⋅ ⋅ ⋅
′β ⋅ I , (3.7)
2 ( , , , ) 0ȿɎ r r z′ ′ ′φ = . (3.8)
Ⱥ, ɢɫɯɨɞɹ ɢɡ ɜɵɪɚɠɟɧɢɣ (1.140), (1.141), (1.148) ɢ (1.149), ɚ ɬɚɤɠɟ ɫ ɭɱɟɬɨɦ ɬɨɝɨ, 
ɱɬɨ ɢɫɬɨɱɧɢɤ ɧɚɯɨɞɢɬɫɹ ɜ ɩɟɪɜɨɦ ɫɥɨɟ (rމ=r0), ɢɦɟɟɦ 
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ɉɨɫɥɟ ɩɨɞɫɬɚɧɨɜɤɢ (3.10) ɢ (2.11) ɜ (3.7) ɩɨɥɭɱɚɟɦ 
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(3.12)
ɋ ɭɱɟɬɨɦ ɮɨɪɦɭɥ (1.11) ɢ (1.130) ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɫɩɟɤɬɪɚɥɶɧɨɝɨ 
ɪɚɡɥɨɠɟɧɢɹ ɩɪɨɞɨɥɶɧɨɣ ɤɨɦɩɨɧɟɧɬɵ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ 
ɩɪɢɧɢɦɚɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ 
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π ³ ³ ³ . (3.13)
ɉɨɫɥɟ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɢ ɩɪɨɫɬɵɯ ɚɥɝɟɛɪɚɢɱɟɫɤɢɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɩɨɥɭɱɚɟɦ 
, 1 0
1 0 1 02
1 01
2 1 0 2 1 1
0 1
1
1 1 0 1 1 0 1 1 0 1 1 1
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ε
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 (3.14)
ɉɨɞɫɬɚɜɢɜ (3.14) ɜ (3.6) ɧɚɯɨɞɢɦ ɨɤɨɧɱɚɬɟɥɶɧɨɟ ɜɵɪɚɠɟɧɢɟ ɞɥɹ 
ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɪɚɡɥɨɠɟɧɢɹ ɪɚɞɢɚɥɶɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɧɚɩɪɹɠɟɧɧɨɫɬɢ 
ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ Ɍ-ɜɨɥɧɵ: 
, 1 1 1 0 2 1 1
0 1
1( , , ) [ ( , ) ( , ) ]q
rmh p q m q q q m q q q q E
q q q
AE r z T S r r jZ C r r Y
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βφ = ⋅ ⋅ γ γ + ⋅ γ γ ⋅
γ ε
G
, (3.15)
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Ɂɚɦɟɬɢɦ, ɱɬɨ ɩɪɢ ɪɚɫɱɟɬɟ ɜɨɥɧɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 
ɡɚɬɭɯɚɧɢɹ ɩɚɪɚɦɟɬɪ Ⱥ ɫɨɤɪɚɬɢɬɫɹ, ɬ.ɤ. ɨɧ ɧɟ ɡɚɜɢɫɢɬ ɨɬ r ɢ q, ɢ ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɬɪɚɧɫɮɨɪɦɚɰɢɢ 1, −qpT  ɞɥɹ ɩɟɪɜɨɝɨ ɢ ɜɬɨɪɨɝɨ ɫɥɨɹ ɪɚɜɧɵ ɟɞɢɧɢɰɟ. Ⱦɥɹ ɬɪɟɬɶɟɝɨ 
ɫɥɨɹ ɤɨɷɮɮɢɰɢɟɧɬ ɬɪɚɧɫɮɨɪɦɚɰɢɢ ɪɚɜɟɧ: 
, 1 1 1
11 12 2
1
p q
E
T
R R Y−
=
+ ⋅
G  . (3.17)
ɉɟɪɟɞɚɜɚɟɦɚɹ ɦɨɳɧɨɫɬɶ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɩɭɬɟɦ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ 
ɩɥɨɬɧɨɫɬɢ ɩɨɬɨɤɚ ɷɧɟɪɝɢɢ ɱɟɪɟɡ ɩɨɩɟɪɟɱɧɨɟ ɫɟɱɟɧɢɟ ɢɫɫɥɟɞɭɟɦɨɣ ɫɬɪɭɤɬɭɪɵ 
[66], ɜɵɪɚɠɚɟɦɨɣ ɱɟɪɟɡ ɫɩɟɤɬɪɚɥɶɧɨɟ ɪɚɡɥɨɠɟɧɢɟ Ermh: 
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2z rmhcS S
P ɉ ds E ds
Z
= = ⋅
⋅
³ ³  (3.18)
ɍɱɢɬɵɜɚɹ ɨɫɟɫɢɦɦɟɬɪɢɱɧɨɫɬɶ ɩɨɥɹ, ɢ ɪɚɡɞɟɥɹɹ ɢɧɬɟɝɪɚɥ ɧɚ ɫɥɚɝɚɟɦɵɟ ɩɨɥɭɱɚɟɦ 
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 (3.19)
ɇɚɩɪɹɠɟɧɢɟ ɦɟɠɞɭ ɩɪɨɜɨɞɧɢɤɚɦɢ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɩɭɬɟɦ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ 
ɩɨɩɟɪɟɱɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɜɟɤɬɨɪɚ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɩɨ 
ɪɚɞɢɚɥɶɧɨɣ ɤɨɨɪɞɢɧɚɬɟ: 
1 2 3
, 1 , 2 , 3
0 1 2
r r r
r r q r q r q
r r r r
U E dr E dr E dr E dr
= = =
= = + +³ ³ ³ ³ . (3.20)
ɉɨɞɫɬɚɜɢɜ (3.19) ɢ (3.20) ɜ (3.5) ɨɩɪɟɞɟɥɢɦ ɜɨɥɧɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ. 
Ⱥɧɚɥɢɬɢɱɟɫɤɨɣ ɩɪɨɜɟɪɤɨɣ ɩɨɥɭɱɟɧɧɵɯ ɞɥɹ ɩɨɫɬɨɹɧɧɨɣ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɭɪɚɜɧɟɧɢɣ ɹɜɥɹɟɬɫɹ ɩɟɪɟɯɨɞ ɤ ɞɜɭɯɫɥɨɣɧɨɦɭ ɜɨɥɧɨɜɨɞɭ ( 1 2r r= ), ɪɟɡɭɥɶɬɚɬ ɞɥɹ 
ɤɨɬɨɪɨɝɨ ɨɩɭɛɥɢɤɨɜɚɧ ɜ [7]. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɦɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ 1Rª º¬ ¼  ɫɬɚɧɨɜɢɬɫɹ 
ɟɞɢɧɢɱɧɨɣ. Ⱦɢɫɩɟɪɫɢɨɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɭɩɪɨɳɚɟɬɫɹ 
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Ⱦɥɹ ɨɫɟɫɢɦɟɬɪɢɱɧɵɯ ɜɨɥɧ, ɤ ɤɨɬɨɪɵɦ ɨɬɧɨɫɢɬɫɹ ɢ ɨɫɧɨɜɧɚɹ ɜɨɥɧɚ 
ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ, ɢɧɞɟɤɫ m=0. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɭɪɚɜɧɟɧɢɟ (3.21) ɪɚɫɩɚɞɚɟɬɫɹ 
ɧɚ ɞɜɚ ɞɥɹ E- ɢ H-ɜɨɥɧ. Ⱦɥɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɞɢɫɩɟɪɫɢɨɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɛɭɞɟɬ 
ɫɥɟɞɭɸɳɢɦ 
( )
( )
( )
( )
10 3 0 1 3 0 3 10 1 0 1 1 0 03 1
1 3 20 3 0 1 3 0 3 20 1 0 1 1 0 0
, ,
, ,
C k r k r C k r k r
S k r k r S k r k r
β β β β′ε β
− =
′ε β β β β β . (3.22)
Ɂɚɦɟɬɢɦ, ɱɬɨ ɭɪɚɜɧɟɧɢɟ (2.43) ɚɧɚɥɢɬɢɱɟɫɤɢ ɫɨɜɩɚɞɚɟɬ ɫ ɜɵɪɚɠɟɧɢɟɦ, 
ɩɪɢɜɟɞɟɧɧɵɦ ɜ [7] ɞɥɹ ɞɜɭɯɫɥɨɣɧɨɝɨ ɜɨɥɧɨɜɨɞɚ, ɱɬɨ ɟɳɟ ɪɚɡ ɩɨɞɬɜɟɪɠɞɚɟɬ 
ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɶ ɢ ɤɨɪɪɟɤɬɧɨɫɬɶ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ 
ɦɟɬɨɞɚ ɩɪɢ ɩɪɟɞɟɥɶɧɵɯ ɩɟɪɟɯɨɞɚɯ ɢ ɭɦɟɧɶɲɟɧɢɢ ɱɢɫɥɚ ɫɥɨɟɜ ɢɫɫɥɟɞɭɟɦɨɣ 
ɫɬɪɭɤɬɭɪɵ. 
Ⱦɥɹ ɩɟɪɜɢɱɧɨɣ ɩɪɨɜɟɪɤɢ ɪɟɡɭɥɶɬɚɬɨɜ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɛɭɞɟɬ 
ɢɫɩɨɥɶɡɨɜɚɧɨ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɩɪɢɛɥɢɠɟɧɧɨɝɨ ɜɵɱɢɫɥɟɧɢɹ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ 
ɜɨɥɧɵ H11 (ɩɪɢ ɧɟɨɞɧɨɪɨɞɧɨɦ ɡɚɩɨɥɧɟɧɢɢ ɜɨɥɧɨɜɨɞɚ ɩɪɟɨɛɪɚɡɭɟɬɫɹ ɜ ɇȿ11) 
[71]: 
11
0 3( )
H
ɤɪ
ɷ
cf
r r
=
π⋅ + ⋅ ε
, (3.23)
ɝɞɟ ɷε  - ɷɤɜɢɜɚɥɟɧɬɧɚɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ. ȼ 
ɫɥɭɱɚɟ ɨɞɧɨɪɨɞɧɨɝɨ ɡɚɩɨɥɧɟɧɢɹ ɨɧɚ ɪɚɜɧɚ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɦɚɬɟɪɢɚɥɚ ɡɚɩɨɥɧɟɧɢɹ. ȼ ɫɥɭɱɚɟ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɬɪɟɯɫɥɨɣɧɨɝɨ 
ɡɚɩɨɥɧɟɧɢɹ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɩɪɟɨɛɪɚɡɨɜɚɬɶ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɷɤɜɢɜɚɥɟɧɬɧɨɣ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɢɡ [10] ɤ ɜɢɞɭ 
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(3.24)
Ɍɚɤɠɟ ɞɥɹ ɩɪɨɜɟɪɤɢ ɪɟɡɭɥɶɬɚɬɨɜ ɩɪɢ ɩɨɦɨɳɢ (2.45) ɜ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɦ 
ɩɪɢɛɥɢɠɟɧɢɢ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɩɨɫɬɨɹɧɧɭɸ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ Ɍ-ɜɨɥɧɵ ɜ 
ɥɢɧɢɢ ɛɟɡ ɩɨɬɟɪɶ  
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ɷɮɮ
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z
z k
ββ = = ε ; (3.25)
Ⱦɥɹ ɫɥɭɱɚɹ ɨɞɧɨɪɨɞɧɨɝɨ ɡɚɩɨɥɧɟɧɢɹ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɞɨɫɬɨɜɟɪɧɨɫɬɶ 
ɪɟɡɭɥɶɬɚɬɨɜ ɛɭɞɟɦ ɨɩɪɟɞɟɥɹɬɶ ɫ ɩɨɦɨɳɶɸ ɜɵɪɚɠɟɧɢɣ ɞɥɹ ɜɵɱɢɫɥɟɧɢɹ 
ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɢɡ [71]. Ⱦɥɹ ȿ-ɜɨɥɧ ɬɚɦ ɩɨɥɭɱɟɧɵ ɜɵɪɚɠɟɧɢɹ 
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(3.26)
ɝɞɟ , r0 ɢ r3 – ɪɚɞɢɭɫɵ ɜɧɭɬɪɟɧɧɟɝɨ ɢ ɜɧɟɲɧɟɝɨ ɩɪɨɜɨɞɧɢɤɨɜ ɜ ɦɦ, ɚ ɞɥɹ ɇ-ɜɨɥɧ 
ɜɵɪɚɠɟɧɢɹ 
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ɉɪɢ ɧɚɥɢɱɢɢ ɩɨɬɟɪɶ, ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɢɡɦɟɧɹɸɬɫɹ, ɨɞɧɚɤɨ, ɩɪɢ 
ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɢɷɥɟɤɬɪɢɤɨɜ ɫ ɦɚɥɵɦɢ ɬɚɧɝɟɧɫɚɦɢ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɩɨɬɟɪɶ ɷɬɢ ɢɡɦɟɧɟɧɢɹ ɧɟɫɭɳɟɫɬɜɟɧɧɵ. ȼ [66] ɩɪɢɜɟɞɟɧɨ ɜɵɪɚɠɟɧɢɟ ɞɥɹ 
ɩɪɢɛɥɢɠɟɧɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɚ ɮɚɡɵ ɩɪɢ ɧɚɥɢɱɢɢ ɩɨɬɟɪɶ ɜ 
ɞɢɷɥɟɤɬɪɢɤɟ: 
( )4 20.5 tgz z ɷ z′β = β + δ +β , (3.28)
ɝɞɟ z′β  – ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɧɟɢɞɟɚɥɶɧɨɣ ɥɢɧɢɢ ɫ ɩɨɬɟɪɹɦɢ, zβ  –
ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ, ɨɩɪɟɞɟɥɟɧɧɚɹ ɜ ɢɞɟɚɥɶɧɨɣ ɥɢɧɢɢ ɛɟɡ ɩɨɬɟɪɶ, tg ɷδ  
– ɷɤɜɢɜɚɥɟɧɬɧɵɣ ɬɚɧɝɟɧɫ ɭɝɥɚ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ [10], ɤɨɬɨɪɵɣ ɩɨɫɥɟ 
ɧɟɤɨɬɨɪɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ ɜɵɪɚɡɢɦ ɬɚɤ 
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0 1 2
1 2 3
2 3 1 3 1 2
0 1 2
tg lg tg lg tg lg
tg
lg lg lg
ɷ
r r r
r r r
r r r
r r r
ε ⋅ ε ⋅ δ + ε ⋅ ε ⋅ δ + ε ⋅ ε ⋅ δ
δ =
ε ⋅ ε ⋅ + ε ⋅ ε ⋅ + ε ⋅ ε ⋅
, (3.29)
ɝɞɟ 1 2 3tg , tg , tgδ δ δ  – ɬɚɧɝɟɧɫɵ ɭɝɥɨɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɞɥɹ ɦɚɬɟɪɢɚɥɨɜ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɫɥɨɟɜ. 
ȼɨɥɧɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ Ɍ-ɜɨɥɧɵ ɞɥɹ ɥɢɧɢɢ ɛɟɡ ɩɨɬɟɪɶ ɜ 
ɤɜɚɡɢɫɬɚɬɢɱɟɫɤɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɱɟɪɟɡ ɩɨɝɨɧɧɵɟ 
ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɢ ɟɦɤɨɫɬɶ:  
1
1
L
C
ρ = . (3.30)
Ⱦɥɹ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ ɬɪɟɯɫɥɨɣɧɵɦ ɞɢɷɥɟɤɬɪɢɤɨɦ ɩɨɝɨɧɧɚɹ ɟɦɤɨɫɬɶ 
1
9 1 2 3
1 0 2 1 3 2
1
, [Ɏ/ɦ]
1 1 118 10 ln ln ln
C
r r r
r r r
= § ·
⋅ ⋅ + ⋅ + ⋅¨ ¸ε ε ε© ¹
. 
(3.31)
ȿɫɥɢ ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɦɚɝɧɢɬɧɵɟ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɜɫɟɯ ɞɢɷɥɟɤɬɪɢɤɨɜ ɪɚɜɧɵ 
ɟɞɢɧɢɰɟ, ɬɨ ɩɨɝɨɧɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɫɥɨɢɫɬɨɣ ɥɢɧɢɢ ɪɚɜɧɚ ɩɨɝɨɧɧɨɣ 
ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɥɢɧɢɢ, ɡɚɩɨɥɧɟɧɧɨɣ ɜɨɡɞɭɯɨɦ:  
]/[,ln102
0
37
1 ɦȽɧ
r
r
L −⋅=  (3.32)
ɉɨɫɬɨɹɧɧɭɸ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɦɨɠɧɨ ɨɩɪɟɞɟɥɢɬɶ ɢɡ ɷɤɜɢɜɚɥɟɧɬɧɨɣ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ (3.24): 
¸¸¹
·
¨¨©
§
⋅
ε
+⋅
ε
+⋅
ε
=
2
3
31
2
20
1
1
0
3
lg1lg1lg1
lg
~
r
r
r
r
r
r
r
r
h ; (3.33)
ȿɳɟ ɪɚɡ ɩɨɞɱɟɪɤɧɟɦ, ɱɬɨ ɞɚɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɩɪɨɜɟɪɤɢ 
ɧɚ ɞɨɫɬɨɜɟɪɧɨɫɬɶ ɩɨɥɭɱɚɟɦɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɞɥɹ Ɍ-ɜɨɥɧɵ. 
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3.2 Ʉɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
Ʉɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɜ ɪɚɞɢɚɥɶɧɨ ɧɟɨɞɧɨɪɨɞɧɨ 
ɡɚɩɨɥɧɟɧɧɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ ɬɟɦ ɠɟ ɫɩɨɫɨɛɨɦ, 
ɱɬɨ ɢ ɞɥɹ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ɜ ɪɚɡɞɟɥɟ 2.2. ɋɨɛɫɬɜɟɧɧɨ, ɞɥɹ ɪɚɫɱɟɬɚ 
ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɧɟɨɛɯɨɞɢɦɨ ɡɚɦɟɧɢɬɶ ɬɨɥɶɤɨ ɤɨɧɰɟɜɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɞɥɹ ɇ ɢ ȿ ɥɢɧɢɣ ɢ ɨɩɪɟɞɟɥɢɬɶ ɩɨɪɹɞɨɤ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ. 
ȼ ɪɚɦɤɚɯ ɪɚɛɨɬɵ ɛɵɥɚ ɧɚɩɢɫɚɧɚ ɩɪɨɝɪɚɦɦɚ ɞɥɹ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ 
ɱɚɫɬɨɬ ɩɟɪɜɵɯ 10-ɬɢ ɦɨɞ, ɫɩɨɫɨɛɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɹɬɶɫɹ ɩɨ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ 
ɩɟɪɟɞɚɱɢ ɷɧɟɪɝɢɢ, ɡɚɩɨɥɧɟɧɧɨɣ ɬɪɟɯɫɥɨɣɧɵɦ ɦɚɝɧɢɬɨɞɢɷɥɟɤɬɪɢɤɨɦ ɛɟɡ ɩɨɬɟɪɶ. 
ɂɧɬɟɪɮɟɣɫ ɩɪɨɝɪɚɦɦɵ ɩɪɢɜɟɞɟɧ ɧɚ ɪɢɫ. 3.2. ɉɪɨɝɪɚɦɦɚ ɧɚɩɢɫɚɧɚ ɜ ɫɪɟɞɟ 
ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ Matlab. 
ɉɪɨɝɪɚɦɦɚ ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɟ ɮɭɧɤɰɢɢ: 
− ɨɩɪɟɞɟɥɟɧɢɟ ɩɨɪɹɞɤɚ ɫɥɟɞɨɜɚɧɢɹ ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜɨɥɧ; 
− ɪɚɫɱɟɬ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɩɟɪɜɵɯ 10-ɬɢ ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɜɨɥɧ; 
− ɡɚɩɨɦɢɧɚɧɢɟ ɩɨɫɥɟɞɧɟɝɨ ɪɟɡɭɥɶɬɚɬɚ ɞɥɹ ɫɪɚɜɧɟɧɢɹ; 
ȼɯɨɞɧɵɟ ɩɚɪɚɦɟɬɪɵ: 
1. Ɉɬɧɨɫɢɬɟɥɶɧɵɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɦɚɝɧɢɬɧɵɟ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɫɥɨɟɜ 
1 1 2 2 3 3, , , , ,ε μ ε μ ε μ . 
2. Ɋɚɞɢɭɫɵ ɫɥɨɟɜ r1, r2, r3, ɪɚɞɢɭɫ ɜɧɭɬɪɟɧɧɟɝɨ ɩɪɨɜɨɞɧɢɤɚ r0. 
3. Ɇɚɤɫɢɦɚɥɶɧɚɹ ɱɚɫɬɨɬɚ (fmax) ɞɥɹ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ. Ɉɧɚ 
ɨɩɪɟɞɟɥɹɟɬ ɬɨɱɧɨɫɬɶ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ. ȿɫɥɢ ɩɪɢ ɪɚɫɱɟɬɟ ɡɚɞɚɧɚ 
ɫɥɢɲɤɨɦ ɦɚɥɚɹ ɦɚɤɫɢɦɚɥɶɧɚɹ ɱɚɫɬɨɬɚ, ɬɨ ɧɟɤɨɬɨɪɵɟ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ 
ɜɵɫɲɢɯ ɬɢɩɨɜ ɧɟ ɛɭɞɭɬ ɨɩɪɟɞɟɥɟɧɵ. Ɍɚɤɠɟ ɟɫɥɢ ɡɚɞɚɧɚ ɫɥɢɲɤɨɦ ɛɨɥɶɲɚɹ 
ɦɚɤɫɢɦɚɥɶɧɚɹ ɱɚɫɬɨɬɚ, ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɦɨɝɭɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ ɫ ɧɢɡɤɨɣ 
ɬɨɱɧɨɫɬɶɸ ɢɥɢ ɠɟ ɨɩɪɟɞɟɥɟɧɵ ɧɟɩɪɚɜɢɥɶɧɨ (ɧɟ ɛɭɞɟɬ ɧɚɣɞɟɧ ɧɭɠɧɵɣ ɤɨɪɟɧɶ 
ɬɪɚɧɫɰɟɧɞɟɧɬɧɨɝɨ ɭɪɚɜɧɟɧɢɹ). 
Ⱦɥɹ ɭɫɬɪɚɧɟɧɢɹ ɷɬɨɝɨ ɧɟɞɨɫɬɚɬɤɚ ɩɪɟɞɥɚɝɚɟɬɫɹ ɩɨɫɥɟ ɨ ɪɚɫɱɟɬɚ 
ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɡɚɞɚɬɶ ɜ ɤɚɱɟɫɬɜɟ ɦɚɤɫɢɦɚɥɶɧɨɣ ɱɚɫɬɨɬɵ ɧɟɫɤɨɥɶɤɨ 
ɛɨɥɶɲɭɸ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ, ɨɩɪɟɞɟɥɟɧɧɨɣ ɜ ɩɨɥɟ “Ɇɚɤɫɢɦɚɥɶɧɚɹ 
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ɪɚɫɫɱɢɬɚɧɧɚɹ ɱɚɫɬɨɬɚ”. ɗɬɨ ɩɨɡɜɨɥɢɬ ɭɜɟɥɢɱɢɬɶ ɬɨɱɧɨɫɬɶ ɪɚɫɱɟɬɚ ɢ ɢɫɩɪɚɜɢɬɶ 
ɜɨɡɦɨɠɧɵɟ ɨɲɢɛɤɢ ɩɪɢ ɧɚɯɨɠɞɟɧɢɢ ɤɨɪɧɟɣ ɭɪɚɜɧɟɧɢɹ. 
4. Ʉɨɥɢɱɟɫɬɜɨ ɬɨɱɟɤ ɩɪɢ ɪɚɫɱɟɬɟ (nf). ɗɬɨɬ ɩɚɪɚɦɟɬɪ ɬɚɤɠɟ ɨɩɪɟɞɟɥɹɟɬ 
ɬɨɱɧɨɫɬɶ ɪɚɫɱɟɬɨɜ. ɑɟɦ ɜɵɲɟ ɧɟɨɛɯɨɞɢɦɚɹ ɬɨɱɧɨɫɬɶ (ɦɟɧɶɲɟ ɩɨɝɪɟɲɧɨɫɬɶ), 
ɬɟɦ ɛɨɥɶɲɢɦ ɧɟɨɛɯɨɞɢɦɨ ɭɫɬɚɧɚɜɥɢɜɚɬɶ ɤɨɥɢɱɟɫɬɜɨ ɬɨɱɟɤ ɩɪɢ ɪɚɫɱɟɬɟ. Ʉɪɨɦɟ 
ɬɨɝɨ, ɷɬɨɬ ɩɚɪɚɦɟɬɪ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɜɥɢɹɟɬ ɧɚ ɜɪɟɦɹ ɪɚɫɱɟɬɚ – ɱɟɦ ɛɨɥɶɲɟ 
ɬɨɱɟɤ, ɬɟɦ ɞɨɥɶɲɟ ɩɪɨɢɡɜɨɞɢɬɫɹ ɪɚɫɱɟɬ. 
 
Ɋɢc. 3.2 ɂɧɬɟɪɮɟɣɫ ɩɪɨɝɪɚɦɦɵ 
ɉɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
max
2
f
nfΔ = ⋅ . (3.34)
ȼɵɯɨɞɧɵɟ ɩɚɪɚɦɟɬɪɵ: 
1. Ɍɢɩɵ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɜ ɩɨɪɹɞɤɟ ɜɨɡɛɭɠɞɟɧɢɹ. 
2. Ʉɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɞɥɹ ɷɬɢɯ ɬɢɩɨɜ ɜɨɥɧ. 
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3. Ɂɧɚɱɟɧɢɹ ɩ. 1-2, ɜɡɹɬɵɟ ɢɡ ɩɪɟɞɵɞɭɳɟɝɨ ɪɚɫɱɟɬɚ. 
ɍɪɚɜɧɟɧɢɟ, ɨɬɪɚɠɚɸɳɟɟ ɭɫɥɨɜɢɹ ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ ɪɟɲɚɟɬɫɹ 
ɚɧɚɥɨɝɢɱɧɨ ɪɚɡɞɟɥɭ 2.2. 
Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɞɨɫɬɨɜɟɪɧɨɫɬɢ ɪɟɡɭɥɶɬɚɬɨɜ ɛɵɥ ɜɵɩɨɥɧɟɧ ɪɚɫɱɟɬ 
ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɩɨɥɨɝɨ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɤɚɛɟɥɹ c İ=1, 
r0=2.5ɦɦ, r1=5ɦɦ, r2=7.5ɦɦ, r3=10ɦɦ. Ɋɟɡɭɥɶɬɚɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɢɡ (3.26) ɢ (3.27) 
ɢ ɧɚɣɞɟɧɧɵɟ ɩɪɢ ɩɨɦɨɳɢ ɩɪɨɝɪɚɦɦɵ ɫɜɟɞɟɧɵ ɜ ɬɚɛɥ. 3.1. 
Ɍɚɛɥɢɰɚ 3.1. Ʉɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ  
Ɍɢɩ ɜɨɥɧɵ Ʉɪɢɬɢɱɟɫɤɚɹ ɱɚɫɬɨɬɚ ɩɨ  
(3.26) ɢ (3.27), ȽȽɰ 
Ʉɪɢɬɢɱɟɫɤɚɹ ɱɚɫɬɨɬɚ ɢɡ 
ɩɪɨɝɪɚɦɦɵ, ȽȽɰ 
ȿ01 19,71 19,508 
ȿ11 20,83 21,173 
ȿ21 23,81 25,322 
ɇ11 8,151 7,835 
ɇ21 14,935 14,342 
ɇ31 21,19 19,985 
ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɤɚɡɵɜɚɸɬ ɧɟɤɨɬɨɪɨɟ ɨɬɥɢɱɢɟ ɱɚɫɬɨɬ, 
ɩɨɥɭɱɟɧɧɵɯ ɜ ɩɪɨɝɪɚɦɦɟ ɢ ɩɨ ɜɵɪɚɠɟɧɢɹɦ ɞɥɹ ɩɪɢɛɥɢɠɟɧɧɵɯ ɜɵɱɢɫɥɟɧɢɣ, 
ɨɞɧɚɤɨ ɨɬɧɨɫɢɬɟɥɶɧɨɟ ɨɬɥɢɱɢɟ ɧɟ ɩɪɟɜɵɲɚɟɬ 5%. ɋ ɭɱɟɬɨɦ ɫɬɪɨɝɨɫɬɢ 
ɭɪɚɜɧɟɧɢɹ (2.7) ɢ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɢ ɟɝɨ ɱɢɫɥɟɧɧɨɝɨ ɪɟɲɟɧɢɹ, ɡɚɤɥɸɱɢɦ, ɱɬɨ ɷɬɚ 
ɩɨɝɪɟɲɧɨɫɬɶ ɫɜɹɡɚɧɚ ɫ ɧɟɬɨɱɧɨɫɬɶɸ ɮɨɪɦɭɥ (3.26) ɢ (3.27). 
3.3 Ɉɫɨɛɟɧɧɨɫɬɢ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
Ⱦɥɹ ɨɰɟɧɤɢ ɜɨɥɧɨɜɨɞɧɵɯ ɫɜɨɣɫɬɜ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɜɨɥɧɨɜɨɞɚ ɩɪɟɞɥɚɝɚɟɬɫɹ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɬɟ ɠɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɱɬɨ ɢ ɜ ɪɚɡɞɟɥɟ 2.3. 
ȼɨɥɧɚ Ɍ ɹɜɥɹɟɬɫɹ ɨɫɧɨɜɧɨɣ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱ ɫ ɨɞɧɨɪɨɞɧɵɦ 
ɡɚɩɨɥɧɟɧɢɟɦ. ɉɪɢ ɧɟɨɞɧɨɪɨɞɧɨɦ ɡɚɩɨɥɧɟɧɢɢ ɜɨɥɧɨɜɨɞɚ ɩɨɹɜɥɹɟɬɫɹ ɫɜɹɡɶ 
ɦɟɠɞɭ ɷɤɜɢɜɚɥɟɧɬɧɵɦɢ ɪɚɞɢɚɥɶɧɵɦɢ ɇ ɢ ȿ ɥɢɧɢɹɦɢ ɢ ɷɬɚ ɜɨɥɧɚ ɩɪɟɨɛɪɚɡɭɟɬɫɹ 
ɜ ɜɨɥɧɭ ɬɢɩɚ ɤɜɚɡɢ-Ɍ. ȼ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɦ ɩɨɥɟ ɤɜɚɡɢ-Ɍ ɜɨɥɧɵ ɩɪɢɫɭɬɫɬɜɭɟɬ 
ɯɨɬɹ ɛɵ ɨɞɧɚ ɩɪɨɞɨɥɶɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɧɨɫɬɟɣ 
96 
 
ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢɥɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ. Ɉɧɚ, ɤɚɤ ɢ Ɍ-ɜɨɥɧɚ ɢɦɟɟɬ ɧɭɥɟɜɭɸ 
ɤɪɢɬɢɱɟɫɤɭɸ ɱɚɫɬɨɬɭ ɢ ɛɟɫɤɨɧɟɱɧɭɸ ɤɪɢɬɢɱɟɫɤɭɸ ɞɥɢɧɭ ɜɨɥɧɵ. ȼ ɨɬɫɭɬɫɬɜɢɟ 
ɩɨɬɟɪɶ ɜ ɥɢɧɢɢ Ɍ-ɜɨɥɧɚ ɧɟ ɨɛɥɚɞɚɟɬ ɱɚɫɬɨɬɧɨɣ ɞɢɫɩɟɪɫɢɟɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜ 
ɨɬɥɢɱɢɟ ɨɬ ɤɜɚɡɢ-Ɍ. 
ɉɟɪɜɵɦ ɜɵɫɲɢɦ ɬɢɩɨɦ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɹɜɥɹɟɬɫɹ ɜɨɥɧɚ ɇ11. ȿɟ 
ɤɪɢɬɢɱɟɫɤɚɹ ɱɚɫɬɨɬɚ ɨɝɪɚɧɢɱɢɜɚɟɬ ɫɜɟɪɯɭ ɪɚɛɨɱɢɣ ɞɢɚɩɚɡɨɧ ɱɚɫɬɨɬ 
ɨɞɧɨɦɨɞɨɜɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨɬɵ. ɉɪɢ ɧɟɨɞɧɨɪɨɞɧɨɦ ɡɚɩɨɥɧɟɧɢɢ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ 
ɜɨɥɧɚ ɇ11 ɩɪɟɨɛɪɚɡɭɟɬɫɹ ɜ ɝɢɛɪɢɞɧɭɸ ɜɨɥɧɭ ɇȿ11. Ɍɚɤɠɟ, ɩɪɢ ɧɟɨɞɧɨɪɨɞɧɨɦ 
ɡɚɩɨɥɧɟɧɢɢ, ɜɫɟ ɜɨɥɧɵ ɫ ɚɡɢɦɭɬɚɥɶɧɵɦ ɢɧɞɟɤɫɨɦ m0 ɩɪɟɨɛɪɚɡɭɸɬɫɹ ɜ 
ɝɢɛɪɢɞɧɵɟ ɜɨɥɧɵ.  
ɇɚ ɪɢɫ. 3.3 ɩɪɟɞɫɬɚɜɥɟɧɵ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɧɟɫɤɨɥɶɤɢɯ ɩɟɪɜɵɯ ɬɢɩɨɜ ɜɨɥɧ ɜ ɩɨɥɨɦ ɤɨɚɤɫɢɚɥɶɧɨɦ 
ɜɨɥɧɨɜɨɞɟ. ɉɪɟɪɵɜɢɫɬɨɣ ɥɢɧɢɟɣ ɩɨɤɚɡɚɧɚ ɧɨɪɦɢɪɨɜɚɧɧɚɹ ɱɚɫɬɨɬɚ, 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɩɪɢɛɥɢɠɟɧɧɨɦɭ ɡɧɚɱɟɧɢɸ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇ11 ɩɨ 
(3.23). Ʉɚɤ ɜɢɞɧɨ ɢɡ ɝɪɚɮɢɤɚ, ɞɚɧɧɨɟ ɡɧɚɱɟɧɢɟ ɨɱɟɧɶ ɛɥɢɡɤɨ ɤ ɪɚɫɫɱɢɬɚɧɧɨɦɭ 
ɩɪɟɞɥɚɝɚɟɦɵɦ ɦɟɬɨɞɨɦ (ɩɨɝɪɟɲɧɨɫɬɶ ɫɨɫɬɚɜɥɹɟɬ ɦɟɧɟɟ 3%). ɇɨɪɦɢɪɨɜɚɧɧɚɹ 
ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ Ɍ-ɜɨɥɧɵ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɱɚɫɬɨɬɵ ɢ ɪɚɜɧɚ ɟɞɢɧɢɰɟ 
(ɩɪɨɞɨɥɶɧɨɟ ɜɨɥɧɨɜɨɟ ɱɢɫɥɨ ɞɥɹ Ɍ-ɜɨɥɧɵ ɪɚɜɧɨ ɜɨɥɧɨɜɨɦɭ ɱɢɫɥɭ ɫɜɨɛɨɞɧɨɝɨ 
ɩɪɨɫɬɪɚɧɫɬɜɚ). Ɍɚɤɠɟ ɩɨ ɩɪɢɜɟɞɟɧɧɵɦ ɡɚɜɢɫɢɦɨɫɬɹɦ ɦɨɠɧɨ ɫɭɞɢɬɶ ɨ 
ɜɵɪɨɠɞɟɧɢɢ ɜɨɥɧ ȿ11 ɢ ɇ01, ɤɨɬɨɪɨɟ ɯɚɪɚɤɬɟɪɧɨ ɢ ɞɥɹ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ. Ɉ 
ɜɵɪɨɠɞɟɧɢɢ ɜɨɥɧ ȿ1n ɢ ɇ0n ɭɩɨɦɢɧɚɟɬɫɹ ɜ [7]. 
ȼɟɤɬɨɪ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜɨɥɧ ɇ0n, ɤɚɤ ɢ ɜ ɤɪɭɝɥɨɦ 
ɜɨɥɧɨɜɨɞɟ, ɧɟ ɢɦɟɟɬ ɚɡɢɦɭɬɚɥɶɧɨɣ ɫɨɫɬɚɜɥɹɸɳɟɣ ɢ ɧɟ ɩɨɪɨɠɞɚɟɬ ɩɪɨɞɨɥɶɧɵɯ 
ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɬɨɤɨɜ ɧɚ ɜɧɭɬɪɟɧɧɟɦ ɢ ɧɚɪɭɠɧɨɦ ɩɪɨɜɨɞɧɢɤɚɯ. ɗɬɨ ɩɪɢɜɨɞɢɬ ɤ 
ɚɧɨɦɚɥɶɧɨɣ ɞɢɫɩɟɪɫɢɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ (ɫ ɪɨɫɬɨɦ ɱɚɫɬɨɬɵ 
ɤɨɷɮɮɢɰɢɟɧɬ ɡɚɬɭɯɚɧɢɹ, ɨɛɭɫɥɨɜɥɟɧɧɵɣ ɩɨɬɟɪɹɦɢ ɜ ɦɟɬɚɥɥɟ, ɭɦɟɧɶɲɚɟɬɫɹ). 
Ɍɟɨɪɟɬɢɱɟɫɤɢ ɷɬɨ ɩɨɡɜɨɥɹɟɬ ɫɨɡɞɚɬɶ ɩɪɨɬɹɠɟɧɧɭɸ ɤɨɚɤɫɢɚɥɶɧɭɸ ɥɢɧɢɸ ɫ 
ɦɚɥɵɦ ɩɨɝɨɧɧɵɦ ɡɚɬɭɯɚɧɢɟɦ, ɪɚɛɨɬɚɸɳɭɸ, ɧɚɩɪɢɦɟɪ, ɧɚ ɜɨɥɧɟ ɇ01. Ɉɞɧɚɤɨ ɧɚ 
ɩɪɚɤɬɢɤɟ ɬɚɤɨɟ ɪɟɲɟɧɢɟ ɤɪɚɣɧɟ ɫɥɨɠɧɨ ɪɟɚɥɢɡɨɜɚɬɶ, ɜɨ-ɩɟɪɜɵɯ, ɩɨɬɨɦɭ ɱɬɨ, 
ɬɚɤ ɢɥɢ ɢɧɚɱɟ ɛɭɞɭɬ ɩɪɢɫɭɬɫɬɜɨɜɚɬɶ ɩɨɬɟɪɢ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ ɧɟɢɞɟɚɥɶɧɨɫɬɶɸ 
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ɡɚɩɨɥɧɹɸɳɟɝɨ ɜɨɥɧɨɜɨɞ ɞɢɷɥɟɤɬɪɢɤɚ, ɚ ɜɨ-ɜɬɨɪɵɯ, ɧɟɨɛɯɨɞɢɦɨ ɛɭɞɟɬ 
ɨɬɮɢɥɶɬɪɨɜɚɬɶ ɧɢɡɲɢɟ ɬɢɩɵ ɜɨɥɧ, ɚ ɩɪɢ ɪɚɛɨɬɟ ɧɚ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɨɣ ɱɚɫɬɨɬɟ 
ɢ ɜɵɫɲɢɟ ɬɢɩɵ. Ɉɞɧɚɤɨ, ɜɨɡɦɨɠɧɨ ɫɨɡɞɚɧɢɟ ɜɵɫɨɤɨɞɨɛɪɨɬɧɵɯ ɤɨɚɤɫɢɚɥɶɧɵɯ 
ɪɟɡɨɧɚɬɨɪɨɜ ɫ ɪɚɛɨɱɢɦ ɤɨɥɟɛɚɧɢɟɦ, ɨɫɧɨɜɚɧɧɵɦ ɧɚ ɜɨɥɧɟ ɇ01. 
 
Ɋɢɫ. 3.3 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɩɨɥɨɣ 
ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ r0 = 0,25r3 
ɉɪɢɧɰɢɩɢɚɥɶɧɨ ɦɨɠɧɨ ɞɨɩɭɫɬɢɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɜɨɥɧɵ ɇ01 ɜɨ 
ɜɪɚɳɚɸɳɢɯɫɹ ɫɨɟɞɢɧɟɧɢɹɯ, ɬ.ɤ. ɞɥɹ ɧɟɟ ɧɟ ɬɪɟɛɭɟɬɫɹ ɨɛɟɫɩɟɱɢɜɚɬɶ 
ɧɟɩɪɟɪɵɜɧɨɫɬɶ ɩɪɨɞɨɥɶɧɵɯ ɬɨɤɨɜ, ɬɟɤɭɳɢɯ ɩɨ ɩɪɨɜɨɞɧɢɤɚɦ (ɧɟ ɬɪɟɛɭɟɬɫɹ 
ɨɛɟɫɩɟɱɢɜɚɬɶ ɤɨɧɬɚɤɬ ɦɟɠɞɭ ɩɪɨɜɨɞɧɢɤɚɦɢ ɫɨɟɞɢɧɹɟɦɵɯ ɥɢɧɢɣ). ɇɢɡɲɢɟ ɢ 
ɜɵɫɲɢɟ ɬɢɩɵ ɜɨɥɧ ɩɪɢ ɷɬɨɦ ɦɨɝɭɬ ɛɵɬɶ ɨɬɮɢɥɶɬɪɨɜɚɧɵ ɡɚ ɫɱɟɬ ɡɚɡɨɪɚ ɦɟɠɞɭ 
ɩɪɨɜɨɞɧɢɤɚɦɢ ɫɨɟɞɢɧɹɟɦɵɯ ɤɨɚɤɫɢɚɥɶɧɵɯ ɥɢɧɢɣ (ɩɪɢ ɷɬɨɦ ɛɭɞɭɬ ɨɛɪɵɜɚɬɶɫɹ 
ɫɢɥɨɜɵɟ ɥɢɧɢɢ ɩɪɨɞɨɥɶɧɵɯ ɬɨɤɨɜ, ɫɨɡɞɚɜɚɟɦɵɯ ɩɨɥɹɦɢ ɧɢɡɲɢɯ ɢ ɜɵɫɲɢɯ ɦɨɞ). 
ɇɚ ɪɢɫ. 3.4 ɩɪɟɞɫɬɚɜɥɟɧɵ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɧɟɫɤɨɥɶɤɢɯ ɩɟɪɜɵɯ ɬɢɩɨɜ ɜɨɥɧ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ 
ɬɪɟɯɫɥɨɣɧɵɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɡɚɩɨɥɧɟɧɢɟɦ, ɫ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɶɸ ɫɪɟɞɧɟɝɨ ɫɥɨɹ ɪɚɜɧɨɣ 1,1 (ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ ɰɢɥɢɧɞɪ 
ɤɨɚɤɫɢɚɥɶɧɵɣ ɫ ɜɧɭɬɪɟɧɧɢɦ ɢ ɜɧɟɲɧɢɦ ɩɪɨɜɨɞɧɢɤɚɦɢ). 
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Ɋɢɫ. 3.4 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɩɪɢ İ1 = 1, İ2 = 1,1, İ3 = 1 ɢ r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 
ɉɭɬɟɦ ɫɪɚɜɧɟɧɢɹ ɡɚɜɢɫɢɦɨɫɬɟɣ ɧɚ ɪɢɫ. 3.3 ɢ 3.4 ɦɨɠɧɨ ɩɪɨɫɥɟɞɢɬɶ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢ ɦɚɝɧɢɬɧɵɯ ɜɨɥɧ ɫ ɢɧɞɟɤɫɨɦ m0 ɜ ɨɞɧɨɪɨɞɧɨ 
ɡɚɩɨɥɧɟɧɧɨɦ ɤɨɚɤɫɢɚɥɶɧɨɦ ɜɨɥɧɨɜɨɞɟ ɜ ɝɢɛɪɢɞɧɵɟ ɜɨɥɧɵ ɧɟɨɞɧɨɪɨɞɧɨ 
ɡɚɩɨɥɧɟɧɧɨɝɨ ɜɨɥɧɨɜɨɞɚ. ɂɯ ɧɚɥɢɱɢɟ ɜ ɜɨɥɧɨɜɨɞɟ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɩɪɢ 
ɩɨɦɨɳɢ ɜɵɪɚɠɟɧɢɣ (1.101), (1.102), (1.105). Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɡɚ ɫɱɟɬ ɧɚɥɢɱɢɹ 
ɧɟɧɭɥɟɜɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɫɜɹɡɢ (Ni0), ɝɪɚɧɢɰɵ ɫɥɨɟɜ ɫ ɪɚɡɧɵɦɢ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɩɪɨɧɢɰɚɟɦɨɫɬɹɦɢ ɨɤɚɡɵɜɚɸɬɫɹ ɦɟɫɬɚɦɢ ɨɛɦɟɧɚ ɷɧɟɪɝɢɹɦɢ 
ɦɟɠɞɭ ɞɜɭɦɹ ɷɤɜɢɜɚɥɟɧɬɧɵɦɢ ɥɢɧɢɹɦɢ (ɥɢɧɢɟɣ ɧɚɩɪɹɠɟɧɢɹ, ɢɥɢ ȿ-ɥɢɧɢɟɣ, ɢ 
ɥɢɧɢɟɣ ɬɨɤɚ, ɢɥɢ ɇ-ɥɢɧɢɟɣ), ɢ ɩɪɢ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɦ ɜɨɡɛɭɠɞɟɧɢɢ ɨɞɧɨɣ 
ɥɢɧɢɢ ɜɨɡɧɢɤɚɟɬ ɤɨɫɜɟɧɧɨɟ ɜɨɡɛɭɠɞɟɧɢɟ ɞɪɭɝɨɣ [72]. Ɏɚɤɬɢɱɟɫɤɢ ɝɢɛɪɢɞɧɵɦ 
ɜɨɥɧɚɦ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɪɟɲɟɧɢɹ ɫɪɚɡɭ ɞɜɭɯ ɭɪɚɜɧɟɧɢɣ ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ 
(2.7). Ɋɚɡɞɟɥɟɧɢɟ ɧɚ ɜɨɥɧɵ ȿɇmn ɢ ɇȿmn ɩɪɨɢɫɯɨɞɢɬ ɩɨ ɤɪɢɬɟɪɢɸ, 
ɩɪɟɞɥɨɠɟɧɧɨɦɭ ɜ ɪɚɡɞɟɥɟ 2.2.  
ɉɨ ɞɚɧɧɵɦ ɡɚɜɢɫɢɦɨɫɬɹɦ ɬɚɤɠɟ ɦɨɠɧɨ ɨɰɟɧɢɬɶ ɩɨɝɪɟɲɧɨɫɬɶ ɜɵɱɢɫɥɟɧɢɹ 
ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇȿ11 ɩɨ (3.23) (ɩɪɟɪɵɜɢɫɬɚɹ ɥɢɧɢɹ). Ɉɱɟɜɢɞɧɨ, ɱɬɨ 
ɩɪɢ ɧɟɛɨɥɶɲɨɦ ɨɬɤɥɨɧɟɧɢɢ ɨɬ ɨɞɧɨɪɨɞɧɨɝɨ ɡɚɩɨɥɧɟɧɢɹ ɥɢɧɢɢ ɩɨɝɪɟɲɧɨɫɬɶ ɜɫɟ 
ɟɳɟ ɦɚɥɚ. 
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Ʉɪɨɦɟ ɬɨɝɨ, ɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɦɨɠɧɨ ɭɜɢɞɟɬɶ, ɱɬɨ ɩɪɢ 
ɧɟɨɞɧɨɪɨɞɧɨɦ ɡɚɩɨɥɧɟɧɢɢ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɩɪɨɢɫɯɨɞɢɬ ɪɚɫɳɟɩɥɟɧɢɟ 
ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɨɥɧ ȿɇ11 ɢ ɇ01 ɩɪɢɬɨɦ, 
ɱɬɨ ɢɯ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɨɫɬɚɸɬɫɹ ɪɚɜɧɵɦɢ. Ɍ.ɤ. ɫɢɥɨɜɵɟ ɥɢɧɢɢ ɜɟɤɬɨɪɚ 
ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɜɨɥɧɵ ɇ01 ɢɦɟɸɬ ɧɚɢɛɨɥɶɲɭɸ 
ɤɨɧɰɟɧɬɪɚɰɢɸ ɜ ɨɛɥɚɫɬɢ ɫɪɟɞɧɟɝɨ ɫɥɨɹ, ɜ ɤɨɬɨɪɭɸ ɜɜɟɞɟɧ ɞɢɷɥɟɤɬɪɢɤ, ɞɚɧɧɚɹ 
ɜɨɥɧɚ ɢɫɩɵɬɵɜɚɟɬ ɛɨɥɶɲɟɟ ɡɚɦɟɞɥɟɧɢɟ (ɢɦɟɟɬ ɦɟɧɶɲɭɸ ɮɚɡɨɜɭɸ ɫɤɨɪɨɫɬɶ) ɩɨ 
ɫɪɚɜɧɟɧɢɸ ɫ ɜɨɥɧɨɣ ȿɇ11. ɂɡ-ɡɚ ɷɬɨɝɨ, ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɦɚɬɟɪɢɚɥɚ ɫɪɟɞɧɟɝɨ ɫɥɨɹ, ɪɚɡɥɢɱɢɟ ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ 
ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɷɬɢɯ ɜɨɥɧ ɭɜɟɥɢɱɢɜɚɟɬɫɹ (ɪɢɫ. 3.5). 
Ɍɚɤɠɟ ɩɨ ɩɪɢɜɟɞɟɧɧɵɦ ɧɚ ɪɢɫ. 3.5 ɡɚɜɢɫɢɦɨɫɬɹɦ ɦɨɠɧɨ ɫɭɞɢɬɶ ɨɛ 
ɢɡɦɟɧɟɧɢɢ ɩɨɪɹɞɤɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɧɟɨɞɧɨɪɨɞɧɨ 
ɡɚɩɨɥɧɟɧɧɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ. ȼ ɱɚɫɬɧɨɫɬɢ, ɤɪɢɬɢɱɟɫɤɚɹ ɱɚɫɬɨɬɚ ɜɨɥɧɵ 
ɇȿ31 ɫɬɚɧɨɜɢɬɫɹ ɧɢɠɟ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ȿɇ11 ɢ ɇ01. ɉɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ 
ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇȿ11 ɩɨ (3.23) ɨɫɬɚɟɬɫɹ ɧɢɡɤɨɣ. 
 
Ɋɢɫ. 3.5 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɩɪɢ İ1 = 1, İ2 = 2, İ3 = 1 ɢ r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 
ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɦɚɬɟɪɢɚɥɚ 
ɫɪɟɞɧɟɝɨ ɫɥɨɹ ɪɚɡɥɢɱɢɟ ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ 
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ɜɨɥɧ ȿɇ11 ɢ ɇ01 ɩɪɨɞɨɥɠɚɟɬ ɭɜɟɥɢɱɢɜɚɬɶɫɹ (ɪɢɫ. 3.6). Ɍɚɤɠɟ ɧɚ ɪɢɫ. 3.6 
ɨɛɨɡɧɚɱɟɧɚ ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ Ɍ-ɜɨɥɧɵ, ɪɚɫɫɱɢɬɚɧɧɚɹ ɩɨ (3.25) – 
ɝɨɪɢɡɨɧɬɚɥɶɧɚɹ ɩɪɟɪɵɜɢɫɬɚɹ ɥɢɧɢɹ. ɉɨ ɩɪɟɞɫɬɚɜɥɟɧɧɵɦ ɡɚɜɢɫɢɦɨɫɬɹɦ ɜɢɞɧɨ, 
ɱɬɨ ɩɨɫɬɨɹɧɧɚɹ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɤɜɚɡɢ-Ɍ ɜɨɥɧɵ ɜ ɨɛɥɚɫɬɢ ɧɢɡɤɢɯ ɱɚɫɬɨɬ 
ɞɨɫɬɚɬɨɱɧɨ ɬɨɱɧɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɨɥɭɱɟɧɧɨɣ ɢɡ (3.25). ȿɫɥɢ ɫɬɪɭɤɬɭɪɚ 
ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɥɢɧɢɢ ɧɟɨɞɧɨɪɨɞɧɚ (ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɥɨɢɫɬɵɣ ɞɢɷɥɟɤɬɪɢɤ), 
ɬɨ ɤɜɚɡɢ-Ɍ ɜɨɥɧɚ ɱɚɫɬɢɱɧɨ ɜɵɪɨɠɞɚɟɬɫɹ ɜ ȿ-ɜɨɥɧɭ, ɬ.ɤ. ɩɨɹɜɥɹɟɬɫɹ ɩɪɨɞɨɥɶɧɚɹ 
ɫɨɫɬɚɜɥɹɸɳɚɹ ɜɟɤɬɨɪɚ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ Ez 0 ɡɚ ɫɱɟɬ 
ɩɟɪɟɪɚɫɩɪɟɞɟɥɟɧɢɹ ɷɧɟɪɝɢɢ ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɥɨɹɯ. ɇɚ ɦɚɥɵɯ ɱɚɫɬɨɬɚɯ ɷɬɚ 
ɫɨɫɬɚɜɥɹɸɳɚɹ ɨɱɟɧɶ ɦɚɥɚ ɢ ɨɬɜɟɱɚɸɳɟɟ ɟɣ ɪɟɲɟɧɢɟ ɬɪɚɧɫɰɟɧɞɟɧɬɧɨɝɨ 
ɭɪɚɜɧɟɧɢɹ (2.7) ɛɭɞɟɬ ɨɱɟɧɶ ɛɥɢɡɤɢɦ ɤ ɪɟɲɟɧɢɸ ɞɥɹ Ɍ-ɜɨɥɧɵ. Ⱦɚɥɟɟ, ɩɪɢ ɪɨɫɬɟ 
ɱɚɫɬɨɬɵ, ɛɭɞɟɬ ɜɨɡɪɚɫɬɚɬɶ ɚɦɩɥɢɬɭɞɚ Ez, ɢ ɩɨɜɟɞɟɧɢɟ ɤɜɚɡɢ-Ɍ ɜɨɥɧɵ ɫɬɚɧɨɜɢɬɫɹ 
ɛɥɢɡɤɢɦ ɤ ɩɨɜɟɞɟɧɢɸ ȿ-ɜɨɥɧɵ. Ɉɲɢɛɤɚ ɜɵɱɢɫɥɟɧɢɹ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ 
ɜɨɥɧɵ ɇȿ11 ɩɨ (3.23) ɨɫɬɚɟɬɫɹ ɧɢɡɤɨɣ, ɨɞɧɚɤɨ ɦɟɧɹɟɬ ɡɧɚɤ. 
 
Ɋɢɫ. 3.6 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɩɪɢ İ1 = 1, İ2 = 4, İ3 = 1 ɢ r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 
Ɉɬɦɟɬɢɦ ɨɫɨɛɟɧɧɨɫɬɶ ɩɨɜɟɞɟɧɢɹ ɜɨɥɧɵ ȿ01, ɨɫɬɚɸɳɟɣɫɹ «ɛɵɫɬɪɨɣ» ɜ 
ɞɨɫɬɚɬɨɱɧɨ ɲɢɪɨɤɨɦ ɱɚɫɬɨɬɧɨɦ ɞɢɚɩɚɡɨɧɟ. ɗɬɨ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ ɬɟɦ, ɱɬɨ 
ɚɦɩɥɢɬɭɞɚ ɩɨɥɹ ɞɚɧɧɨɣ ɜɨɥɧɵ ɜɨɡɪɚɫɬɚɟɬ ɨɤɨɥɨ ɜɧɭɬɪɟɧɧɟɝɨ ɢ ɜɧɟɲɧɟɝɨ 
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ɩɪɨɜɨɞɧɢɤɨɜ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ ɫɥɨɣ, ɪɚɫɩɨɥɨɠɟɧɧɵɣ ɧɚ ɧɟɤɨɬɨɪɨɦ 
ɪɚɫɫɬɨɹɧɢɢ ɨɬ ɧɢɯ ɫɥɚɛɨ ɜɥɢɹɟɬ ɧɚ ɮɚɡɨɜɭɸ ɫɤɨɪɨɫɬɶ ɷɬɨɣ ɜɨɥɧɵ. ɗɬɨɬ ɷɮɮɟɤɬ 
ɫɬɚɧɨɜɢɬɫɹ ɡɚɦɟɬɧɟɟ ɩɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɫɪɟɞɧɟɝɨ ɫɥɨɹ (ɪɢɫ. 3.7). 
 
Ɋɢɫ. 3.7 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɩɪɢ İ1 = 1, İ2 = 6, İ3 = 1 ɢ r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 
 
Ɋɢɫ. 3.8 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɩɪɢ İ1 = 2, İ2 = 1, İ3 = 2 ɢ r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 
102 
 
ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɪɚɫɬɟɬ 
ɩɨɝɪɟɲɧɨɫɬɶ ɜɵɱɢɫɥɟɧɢɹ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇȿ11 ɩɨ (3.23) ɢ ɪɚɡɥɢɱɢɟ 
ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɨɥɧ ȿɇ11 ɢ ɇ01 
ɩɪɨɞɨɥɠɚɟɬ ɭɜɟɥɢɱɢɜɚɬɶɫɹ. 
ɇɚ ɪɢɫ. 3.8-3.10 ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ ɜɨɥɧɨɜɨɞɚ, ɡɚɩɨɥɧɟɧɧɨɝɨ 
ɞɢɷɥɟɤɬɪɢɤɨɦ ɫ ɡɚɡɨɪɨɦ (ɫɪɟɞɧɢɣ ɢɡ ɬɪɟɯ ɫɥɨɟɜ ɢɦɟɟɬ İ2=1). ɉɨ ɞɚɧɧɵɦ 
ɝɪɚɮɢɤɚɦ ɦɨɠɧɨ ɨɬɫɥɟɞɢɬɶ ɜɥɢɹɧɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ 
ɡɚɩɨɥɧɟɧɢɹ ɧɚ ɩɨɜɟɞɟɧɢɟ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɫɬɪɭɤɬɭɪɵ. 
ȼɨɥɧɚ ɇ01 ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɨɤɚɡɵɜɚɟɬɫɹ ɜ ɦɟɧɶɲɟɣ ɫɬɟɩɟɧɢ ɩɨɞɜɟɪɠɟɧɧɨɣ 
ɜɥɢɹɧɢɸ ɞɢɷɥɟɤɬɪɢɤɚ, ɬ.ɤ. ɟɟ ɩɨɥɟ ɤɨɧɰɟɧɬɪɢɪɭɟɬɫɹ ɜ ɨɛɥɚɫɬɢ, ɞɢɷɥɟɤɬɪɢɤɨɦ ɧɟ 
ɡɚɩɨɥɧɟɧɧɨɣ. Ʉɚɤ ɢ ɜ ɪɚɫɫɦɨɬɪɟɧɧɵɯ ɪɚɧɟɟ ɩɪɢɦɟɪɚɯ, ɡɚɦɟɬɧɨ ɪɚɡɥɢɱɢɟ ɜ 
ɱɚɫɬɨɬɧɵɯ ɡɚɜɢɫɢɦɨɫɬɹɯ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɨɥɧ ȿɇ11 ɢ ɇ01. Ɉɞɧɚɤɨ 
ɩɪɢ ɞɚɧɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɡɚɩɨɥɧɟɧɢɹ ȼɨɥɧɚ ɇ01 ɢɦɟɟɬ ɛɨɥɟɟ ɜɵɫɨɤɭɸ ɮɚɡɨɜɭɸ 
ɫɤɨɪɨɫɬɶ, ɱɟɦ ɜɨɥɧɚ ȿɇ11. ɉɪɢɬɨɦ ɪɚɡɥɢɱɢɟ ɬɟɦ ɫɢɥɶɧɟɟ, ɱɟɦ ɜɵɲɟ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɡɚɩɨɥɧɟɧɢɹ. Ɍɚɤɠɟ ɦɨɠɧɨ ɨɬɦɟɬɢɬɶ ɧɟɤɨɬɨɪɨɟ 
ɭɦɟɧɶɲɟɧɢɟ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɨɲɢɛɤɢ ɜɵɱɢɫɥɟɧɢɹ  ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɜɨɥɧɵ 
ɇȿ11 ɩɨ (3.23) ɫ ɭɜɟɥɢɱɟɧɢɟɦ İ1 ɢ İ3. 
 
Ɋɢɫ. 3.9 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɩɪɢ İ1 = 4, İ2 = 1, İ3 = 4 ɢ r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 
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Ɋɢɫ. 3.10 ɑɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɩɪɢ İ1 = 6, İ2 = 1, İ3 = 6 ɢ r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 
 
Ɋɢɫ. 3.11 ɇɨɪɦɢɪɨɜɚɧɧɵɟ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇ11 ɩɨɥɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ (ɫɩɥɨɲɧɚɹ ɥɢɧɢɹ – ɪɚɫɱɟɬ ɩɪɟɞɥɚɝɚɟɦɵɦ ɦɟɬɨɞɨɦ, ɩɪɟɪɵɜɢɫɬɚɹ – ɩɨ 
(3.23)) 
ɉɨ ɩɪɢɜɟɞɟɧɧɵɦ ɧɚ ɪɢɫ. 3.4–3.10 ɡɚɜɢɫɢɦɨɫɬɹɦ ɦɨɠɧɨ ɩɪɨɫɥɟɞɢɬɶ 
ɹɜɥɟɧɢɟ, ɨɬɦɟɱɟɧɧɨɟ ɜ ɪɚɛɨɬɟ [27]. Ɉɧɨ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɬɨɦ, ɱɬɨ ɫ ɭɜɟɥɢɱɟɧɢɟɦ 
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ɱɚɫɬɨɬɵ ɡɚɦɟɞɥɟɧɢɟ ɤɜɚɡɢ-Ɍ ɜɨɥɧɵ ɪɚɫɬɟɬ ɬɟɦ ɛɵɫɬɪɟɟ, ɱɟɦ ɛɨɥɶɲɟ ɡɚɩɨɥɧɟɧɢɟ 
ɢ ɱɟɦ ɜɵɲɟ ɟɝɨ ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ. 
 
Ɋɢɫ. 3.12 Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇ11 
ɩɨɥɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɩɨ (3.23) 
Ⱦɥɹ ɨɰɟɧɤɢ ɩɪɢɦɟɧɢɦɨɫɬɢ ɮɨɪɦɭɥɵ (3.23) ɞɥɹ ɪɚɫɱɟɬɚ ɱɚɫɬɨɬɧɨɝɨ 
ɞɢɚɩɚɡɨɧɚ ɨɞɧɨɦɨɞɨɜɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨɬɵ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɩɨɫɬɪɨɟɧɵ 
ɡɚɜɢɫɢɦɨɫɬɢ ɪɢɫ. 3.11. 
Ʉɚɤ ɜɢɞɧɨ ɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ, ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɩɪɢɛɥɢɠɟɧɧɵɯ 
ɪɚɫɱɟɬɨɜ ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɢɬɶ ɤɪɢɬɢɱɟɫɤɭɸ ɱɚɫɬɨɬɭ ɫ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɨɣ 
ɬɨɱɧɨɫɬɶɸ – ɩɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɜ ɫɥɭɱɚɟ ɩɨɥɨɝɨ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɤɚɛɟɥɹ ɧɟ 
ɩɪɟɜɵɲɚɟɬ 3% (ɪɢɫ. 3.12). 
ɉɪɢ ɜɧɟɫɟɧɢɢ ɜ ɤɨɚɤɫɢɚɥɶɧɵɣ ɤɚɛɟɥɶ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɰɢɥɢɧɞɪɚ ɫ İ2  1 
ɬɚɤɠɟ ɦɨɠɧɨ ɨɰɟɧɢɬɶ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ (ɪɢɫ. 3.13) ɢ ɩɨɝɪɟɲɧɨɫɬɶ (ɪɢɫ. 
3.14) ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ İ2. 
Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɫ ɪɨɫɬɨɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɰɢɥɢɧɞɪɚ ɪɚɫɬɟɬ 
ɩɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɢ ɩɪɢ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɢɯ İ2 ɦɨɠɟɬ ɞɨɫɬɢɝɚɬɶ ɛɨɥɟɟ 10%. 
ȼ ɫɥɭɱɚɟ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ ɡɚɡɨɪɨɦ ɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦ ɡɚɩɨɥɧɟɧɢɢ 
ɩɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɞɨɜɨɥɶɧɨ ɦɚɥɚ ɢ ɧɟ ɩɪɟɜɵɲɚɟɬ 4,5% ɜ ɞɢɚɩɚɡɨɧɟ 
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ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɪɨɧɢɰɚɟɦɨɫɬɟɣ ɧɚɢɛɨɥɟɟ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɟɦɵɯ 
ɞɢɷɥɟɤɬɪɢɤɨɜ (ɪɢɫ. 3.15, 3.16).  
 
Ɋɢɫ. 3.13 ɇɨɪɦɢɪɨɜɚɧɧɵɟ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇȿ11 ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɫ ɩɚɪɚɦɟɬɪɚɦɢ İ1 = 1, İ3 = 1 ɢ r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 (ɫɩɥɨɲɧɚɹ 
ɥɢɧɢɹ – ɪɚɫɱɟɬ ɩɪɟɞɥɚɝɚɟɦɵɦ ɦɟɬɨɞɨɦ, ɩɪɟɪɵɜɢɫɬɚɹ – ɩɨ (2.44)) 
 
Ɋɢɫ. 3.14 Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇȿ11 
ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ ɩɚɪɚɦɟɬɪɚɦɢ İ1 = 1, İ3 = 1, r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 
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Ɋɢɫ. 3.15 ɇɨɪɦɢɪɨɜɚɧɧɵɟ ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇȿ11 ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɫ ɩɚɪɚɦɟɬɪɚɦɢ İ2 = 1, r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 (ɫɩɥɨɲɧɚɹ ɥɢɧɢɹ – 
ɪɚɫɱɟɬ ɩɪɟɞɥɚɝɚɟɦɵɦ ɦɟɬɨɞɨɦ, ɩɪɟɪɵɜɢɫɬɚɹ – ɩɨ (2.44)) 
 
Ɋɢɫ. 3.16 Ɉɬɧɨɫɢɬɟɥɶɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɜɨɥɧɵ ɇȿ11 
ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ ɩɚɪɚɦɟɬɪɚɦɢ İ2 = 1, r0 = 0,25r3, r1 = 0,5r3, r2 = 0,75r3 
Ⱥɧɚɥɢɡɭ ɬɚɤɠɟ ɩɨɞɜɟɪɝɧɟɦ ɩɨɥɭɸ ɤɨɚɤɫɢɚɥɶɧɭɸ ɥɢɧɢɸ ɧɚ ɩɪɟɞɦɟɬ 
ɫɦɟɳɟɧɢɹ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɜɵɫɲɢɯ ɬɢɩɨɜ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɫɨɨɬɧɨɲɟɧɢɹ 
ɪɚɞɢɭɫɨɜ ɜɧɟɲɧɟɝɨ ɢ ɜɧɭɬɪɟɧɧɟɝɨ ɩɪɨɜɨɞɧɢɤɨɜ. Ⱦɥɹ ɩɪɨɜɟɞɟɧɢɹ ɬɚɤɨɝɨ ɚɧɚɥɢɡɚ 
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ɛɵɥɢ ɩɨɫɬɪɨɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɧɟɫɤɨɥɶɤɢɯ 
ɜɵɫɲɢɯ ɬɢɩɨɜ ɜɨɥɧ (ɪɢɫ. 3.17). ɉɪɢ ɦɚɥɨɦ ɪɚɞɢɭɫɟ ɜɧɭɬɪɟɧɧɟɝɨ ɩɪɨɜɨɞɧɢɤɚ 
ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɩɪɚɤɬɢɱɟɫɤɢ ɫɨɜɩɚɞɚɸɬ ɫ ɬɚɤɨɜɵɦɢ ɜ ɤɪɭɝɥɨɦ ɜɨɥɧɨɜɨɞɟ 
ɚɧɚɥɨɝɢɱɧɵɯ ɪɚɡɦɟɪɨɜ. ȼ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɝɪɚɮɢɤɨɦ ɭɜɟɥɢɱɟɧɢɟ ɪɚɞɢɭɫɚ 
ɜɧɭɬɪɟɧɧɟɝɨ ɩɪɨɜɨɞɧɢɤɚ ɨɤɚɡɵɜɚɟɬ ɧɚɢɛɨɥɟɟ ɫɢɥɶɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɤɪɢɬɢɱɟɫɤɢɟ 
ɱɚɫɬɨɬɵ ɜɨɥɧ ȿ01, ɇ01, ȿ11.  
ɉɨ ɜɵɪɚɠɟɧɢɹɦ ɢɡ [7] ɦɨɠɧɨ ɡɚɤɥɸɱɢɬɶ, ɱɬɨ ɧɚɢɛɨɥɶɲɟɦɭ ɜɥɢɹɧɢɸ 
ɪɚɫɫɬɨɹɧɢɹ ɨɬ ɜɧɭɬɪɟɧɧɟɝɨ ɩɪɨɜɨɞɧɢɤɚ ɞɨ ɜɧɟɲɧɟɝɨ ɩɨɞɜɟɪɠɟɧɵ ɩɨɥɹ ɜɨɥɧ ȿmn, 
ɇ0n, Hmn (ɩɪɢ 1m ≠ ). Ɉɛɴɹɫɧɢɬɶ ɷɬɨ ɹɜɥɟɧɢɟ ɦɨɠɧɨ ɧɚ ɩɪɢɦɟɪɟ ɫɥɚɛɨɝɨ 
ɢɡɦɟɧɟɧɢɹ ɤɚɪɬɢɧ ɩɨɥɟɣ ɜɨɥɧ H1n ɜɫɥɟɞɫɬɜɢɟ ɬɨɝɨ, ɱɬɨ ɛɨɥɶɲɚɹ ɱɚɫɬɶ ɫɢɥɨɜɵɯ 
ɥɢɧɢɣ ɜɟɤɬɨɪɨɜ EG  ɩɨɥɟɣ ɷɬɢɯ ɜɨɥɧ ɫɨɟɞɢɧɹɸɬ ɜɧɭɬɪɟɧɧɢɣ ɢ ɜɧɟɲɧɢɣ 
ɩɪɨɜɨɞɧɢɤɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɫɥɚɛɨɦɭ ɢɯ ɢɫɤɚɠɟɧɢɸ ɩɪɢ ɢɡɦɟɧɟɧɢɢ 
ɫɨɨɬɧɨɲɟɧɢɹ ɪɚɡɦɟɪɨɜ ɩɪɨɜɨɞɧɢɤɨɜ. Ɉɬɦɟɱɟɧɧɵɟ ɠɟ ɜɨɥɧɵ ȿmn, ɇ0n, Hmn (ɩɪɢ 
1m ≠ ) ɧɟ ɨɛɥɚɞɚɸɬ ɬɚɤɢɦ ɫɜɨɣɫɬɜɨɦ ɢ ɢɯ ɩɨɥɹ ɩɨɞɜɟɪɝɚɸɬɫɹ ɫɭɳɟɫɬɜɟɧɧɵɦ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɹɦ ɞɥɹ ɫɨɛɥɸɞɟɧɢɹ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ. 
 
Ɋɢɫ. 3.17 Ʉɪɢɬɢɱɟɫɤɢɟ ɭɫɥɨɜɢɹ ɜɵɫɲɢɯ ɬɢɩɨɜ ɜɨɥɧ ɩɨɥɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ 
3.4 Ɉɫɨɛɟɧɧɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɡɚɬɭɯɚɧɢɹ 
Ɋɚɫɱɟɬ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɜ ɨɞɧɨɪɨɞɧɨ 
ɡɚɩɨɥɧɟɧɧɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ, ɨɛɭɫɥɨɜɥɟɧɧɨɝɨ ɩɨɬɟɪɹɦɢ ɜ ɦɟɬɚɥɥɟ, 
ɩɪɢɧɹɬɨ ɩɪɨɢɡɜɨɞɢɬɶ ɩɨ ɢɡɜɟɫɬɧɨɣ ɮɨɪɦɭɥɟ [69]: 
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sR =  – ɩɨɜɟɪɯɧɨɫɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜɧɭɬɪɟɧɧɟɝɨ ɢ ɜɧɟɲɧɟɝɨ 
ɩɪɨɜɨɞɧɢɤɨɜ, 1 2,r r  – ɪɚɞɢɭɫɵ ɜɧɭɬɪɟɧɧɟɝɨ ɢ ɜɧɟɲɧɟɝɨ ɩɪɨɜɨɞɧɢɤɨɜ 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 
Ɉɫɥɚɛɥɟɧɢɟ, ɨɛɭɫɥɨɜɥɟɧɧɨɟ ɩɨɬɟɪɹɦɢ ɜ ɩɪɨɜɨɞɧɢɤɚɯ ɪɚɡɪɚɛɨɬɚɧɧɵɦ 
ɦɟɬɨɞɨɦ ɦɨɠɧɨ ɭɱɟɫɬɶ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ. ɇɟɨɛɯɨɞɢɦɨ ɤɨɧɰɟɜɵɟ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹ (3.1), (3.3) ɡɚɦɟɧɢɬɶ ɧɚ (2.1) ɢ (2.2), ɚ (3.2), (3.4) 
ɧɚ (1.106), (1.107), ɜɫɥɟɞɫɬɜɢɟ ɱɟɝɨ ɩɨɥɭɱɚɬɫɹ ɫɥɟɞɭɸɳɢɟ ɜɵɪɚɠɟɧɢɹ: 
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ɉɪɢ ɷɬɨɦ ɬɚɤ ɠɟ, ɤɚɤ ɢ ɜ ɪɚɡɞɟɥɟ 2.4 ɤɨɥɢɱɟɫɬɜɨ ɫɥɨɟɜ ɭɦɟɧɶɲɢɬɫɹ ɧɚ 1 ɢɡ-ɡɚ 
ɭɱɟɬɚ ɜɧɟɲɧɟɣ ɝɪɚɧɢɰɵ ɤɚɤ ɝɪɚɧɢɰɵ ɫ ɛɟɫɤɨɧɟɱɧɨɣ ɫɪɟɞɨɣ, ɢ ɞɨɩɨɥɧɢɬɟɥɶɧɨ 
ɫɨɤɪɚɬɢɬɫɹ ɧɚ 1 ɡɚ ɫɱɟɬ ɭɱɟɬɚ ɜɧɭɬɪɟɧɧɟɣ ɝɪɚɧɢɰɵ ɤɚɤ ɫɥɨɹ 
ɦɚɝɧɢɬɨɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɩɨɥɟ ɜ ɤɨɬɨɪɵɣ ɩɪɨɧɢɤɚɟɬ ɛɟɡ 
ɨɝɪɚɧɢɱɟɧɢɣ. Ɍɟɩɟɪɶ ɧɨɦɟɪɨɦ 1 ɨɛɨɡɧɚɱɟɧ ɫɥɨɣ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ 
ɜɧɭɬɪɟɧɧɟɦɭ ɩɪɨɜɨɞɧɢɤɭ, ɧɨɦɟɪɨɦ 2 – ɫɥɨɣ ɦɟɠɞɭ ɩɪɨɜɨɞɧɢɤɚɦɢ, ɧɨɦɟɪɨɦ 3 – 
ɫɥɨɣ ɜɧɟɲɧɟɝɨ ɩɪɨɜɨɞɧɢɤɚ. 
ɂɬɨɝɨ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɬɪɨɝɨɣ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɣ ɦɨɞɟɥɢ 
ɜɧɭɬɪɟɧɧɟɝɨ ɢ ɜɧɟɲɧɟɝɨ ɩɪɨɜɨɞɧɢɤɚ ɢ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɚɥɝɨɪɢɬɦɚ, 
ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɜɨ ɜɬɨɪɨɣ ɝɥɚɜɟ, ɜɨɡɦɨɠɧɨ ɚɧɚɥɢɡɢɪɨɜɚɬɶ ɥɢɲɶ ɨɞɧɨɪɨɞɧɨ 
ɡɚɩɨɥɧɟɧɧɭɸ ɤɨɚɤɫɢɚɥɶɧɭɸ ɥɢɧɢɸ. Ɉɞɧɚɤɨ ɭɱɟɬ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ ɩɪɢ ɷɬɨɦ 
109 
 
ɧɚ ɩɨɜɟɪɯɧɨɫɬɹɯ ɩɪɨɜɨɞɧɢɤɨɜ ɛɭɞɟɬ ɫɬɪɨɝɢɦ (ɩɨɥɧɵɟ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ ɞɥɹ 
ɬɚɧɝɟɧɰɢɚɥɶɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɧɚɩɪɹɠɟɧɧɨɫɬɟɣ ɩɨɥɹ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɫɪɟɞ). 
Ɍɚɤɨɟ ɪɟɲɟɧɢɟ ɧɟ ɛɵɥɨ ɨɬɦɟɱɟɧɨ ɧɢ ɜ ɨɞɧɨɣ ɢɡɜɟɫɬɧɨɣ ɪɚɛɨɬɟ. 
ɇɚ ɪɢɫ. 3.18 ɩɨɤɚɡɚɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɡɚɬɭɯɚɧɢɹ ɨɬ ɱɚɫɬɨɬɵ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ 
ɥɢɧɢɢ ɫ ɦɟɞɧɵɦɢ ɩɪɨɜɨɞɧɢɤɚɦɢ ɢ ɜɨɡɞɭɲɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ. Ⱦɚɧɧɚɹ 
ɡɚɜɢɫɢɦɨɫɬɶ ɫɨɜɩɚɞɚɟɬ ɫ ɩɨɥɭɱɟɧɧɨɣ ɩɨ ɮɨɪɦɭɥɟ (3.34) ɫ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɶɸ. 
Ɂɚɬɭɯɚɧɢɟ ɜɨɡɪɚɫɬɚɟɬ ɩɪɹɦɨ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɤɜɚɞɪɚɬɧɨɦɭ ɤɨɪɧɸ ɢɡ ɱɚɫɬɨɬɵ. 
 
Ɋɢɫ. 3.18 Ɂɚɬɭɯɚɧɢɟ ɨɫɧɨɜɧɨɣ ɦɨɞɵ ɩɨɥɨɣ ɦɟɞɧɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ 
r1 = 0,3r2 
ȼ ɨɛɥɚɫɬɢ ɧɢɡɤɢɯ ɱɚɫɬɨɬ ɩɨɜɟɪɯɧɨɫɬɧɵɣ ɷɮɮɟɤɬ ɫɬɚɧɨɜɢɬɫɹ ɧɟ ɬɚɤ ɹɪɤɨ 
ɜɵɪɚɠɟɧ ɢ ɫɨɨɬɧɨɲɟɧɢɟ (3.34) ɩɪɢɦɟɧɹɬɶ ɧɟɥɶɡɹ. ɗɬɨ ɢɥɥɸɫɬɪɢɪɭɟɬ ɪɢɫ. 3.19. 
ɋɭɳɟɫɬɜɟɧɧɨɟ ɪɚɫɳɟɩɥɟɧɢɟ ɡɚɜɢɫɢɦɨɫɬɢ, ɩɨɥɭɱɟɧɧɨɣ ɩɨ (3.34) ɢ 
ɪɚɡɪɚɛɨɬɚɧɧɵɦ ɦɟɬɨɞɨɦ ɩɪɨɢɫɯɨɞɢɬ ɩɪɢ ɞɥɢɧɚɯ ɜɨɥɧ ɛɨɥɟɟ 107×r2. Ⱦɥɹ ɦɟɞɧɨɣ 
ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ ɪɚɞɢɭɫɨɦ ɜɧɟɲɧɟɝɨ ɩɪɨɜɨɞɧɢɤɚ 10 ɦɦ ɷɬɚ ɜɟɥɢɱɢɧɚ 
ɫɨɫɬɚɜɢɬ 100 ɤɦ. ɉɪɢ ɬɟɯ ɠɟ ɭɫɥɨɜɢɹɯ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɬɚɥɢ ɜ ɤɚɱɟɫɬɜɟ 
ɩɪɨɜɨɞɧɢɤɚ (ɪɢɫ. 3.20) ɞɥɢɧɚ ɜɨɥɧɵ, ɩɪɢ ɤɨɬɨɪɨɣ ɫɬɚɧɨɜɢɬɫɹ ɡɚɦɟɬɧɨ ɨɬɥɢɱɢɟ 
ɪɟɡɭɥɶɬɚɬɨɜ ɩɨ (3.34) ɢ ɪɚɡɪɚɛɨɬɚɧɧɨɦɭ ɦɟɬɨɞɭ, ɫɨɫɬɚɜɢɬ ɩɪɢɦɟɪɧɨ 10 ɤɦ. 
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Ɋɢɫ. 3.19 Ɂɚɬɭɯɚɧɢɟ ɨɫɧɨɜɧɨɣ ɦɨɞɵ ɩɨɥɨɣ ɦɟɞɧɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ 
r1 = 0,3r2 
 
Ɋɢɫ. 3.20 Ɂɚɬɭɯɚɧɢɟ ɨɫɧɨɜɧɨɣ ɦɨɞɵ ɩɨɥɨɣ ɫɬɚɥɶɧɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ 
r1 = 0,3r2 
Ⱦɥɹ ɨɰɟɧɤɢ ɩɨɝɪɟɲɧɨɫɬɢ ɢ ɨɩɪɟɞɟɥɟɧɢɹ ɭɫɥɨɜɢɣ ɩɪɢɦɟɧɢɦɨɫɬɢ ɮɨɪɦɭɥɵ 
(3.34) ɩɨɫɬɪɨɢɦ ɡɚɜɢɫɢɦɨɫɬɶ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɨɬɥɢɱɢɹ ɪɟɡɭɥɶɬɚɬɨɜ (ɪɢɫ. 3.21). 
ɉɪɢɛɥɢɠɟɧɧɵɟ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ Ʌɟɨɧɬɨɜɢɱɚ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɜɵɪɚɠɟɧɢɟ 
(3.34) ɞɚɟɬ ɩɨɝɪɟɲɧɨɫɬɶ ɧɟ ɛɨɥɟɟ 1% ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ ɧɢɠɟ 104×r2 ɜ ɫɥɭɱɚɟ 
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ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɤɚɱɟɫɬɜɟ ɦɟɬɚɥɥɚ ɩɪɨɜɨɞɧɢɤɨɜ ɫɬɚɥɢ ɫ 67,69 10σ = ⋅  ɋɢɦ/ɦ. 
(ɱɬɨ ɹɜɥɹɟɬɫɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɛɨɥɶɲɨɣ ɜɟɥɢɱɢɧɨɣ ɞɥɹ ɩɪɨɜɨɞɧɢɤɚ).  
 
Ɋɢɫ. 3.21 Ɉɬɧɨɫɢɬɟɥɶɧɨɟ ɨɬɥɢɱɢɟ ɡɚɬɭɯɚɧɢɹ ɩɨ ɦɟɬɨɞɭ ɢ ɩɨ (3.34) ɨɫɧɨɜɧɨɣ 
ɦɨɞɵ ɩɨɥɨɣ ɫɬɚɥɶɧɨɣ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɫ r1 = 0,3r2 
Ⱦɥɹ ɛɨɥɶɲɢɧɫɬɜɚ ɤɨɚɤɫɢɚɥɶɧɵɯ ɥɢɧɢɣ ɪɟɚɥɶɧɵɯ ɪɚɡɦɟɪɨɜ ɨɲɢɛɤɚ ɛɭɞɟɬ 
ɫɨɫɬɚɜɥɹɬɶ ɧɢɱɬɨɠɧɭɸ ɜɟɥɢɱɢɧɭ ɞɨ ɞɥɢɧ ɜɨɥɧ ɩɨɪɹɞɤɚ 1 ɤɦ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɱɚɫɬɨɬɚɦ ɛɨɥɟɟ 300 ɤȽɰ. Ɉɞɧɚɤɨ ɝɥɭɛɢɧɚ ɩɪɨɧɢɤɧɨɜɟɧɢɹ ɩɨɥɹ ɧɚ ɬɚɤɢɯ ɱɚɫɬɨɬɚɯ 
ɭɠɟ ɦɨɠɟɬ ɫɨɫɬɚɜɥɹɬɶ ɟɞɢɧɢɰɵ ɦɢɥɥɢɦɟɬɪɨɜ ɢ ɫɬɪɨɝɨɟ ɪɟɲɟɧɢɟ ɜɧɭɬɪɢ ɥɢɧɢɢ 
ɧɟ ɩɨɬɪɟɛɭɟɬɫɹ, ɬ.ɤ. ɩɨɥɟ ɧɚɱɧɟɬ ɩɪɨɧɢɤɚɬɶ ɡɚ ɩɪɟɞɟɥɵ ɜɧɟɲɧɟɝɨ ɩɪɨɜɨɞɧɢɤɚ. 
Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɞɚɧɧɨɣ ɝɥɚɜɵ ɨɬɪɚɠɟɧɵ ɜ ɩɭɛɥɢɤɚɰɢɹɯ [81–82, 92, 
95, 97, 99]. 
112 
 
113 
 
ȽɅȺȼȺ 4 ȺɇȺɅɂɁ ɈɌɄɊɕɌɕɏ ɐɂɅɂɇȾɊɂɑȿɋɄɂɏ 
ɇȺɉɊȺȼɅəɘɓɂɏ ɋɌɊɍɄɌɍɊ 
Ɉɬɤɪɵɬɵɟ ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ ɧɚɩɪɚɜɥɹɸɳɢɟ ɫɬɪɭɤɬɭɪɵ ɩɪɟɞɫɬɚɜɥɹɸɬ 
ɫɨɛɨɣ ɨɬɞɟɥɶɧɵɣ ɤɥɚɫɫ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ, ɜ ɤɨɬɨɪɵɯ ɷɧɟɪɝɢɹ ɩɟɪɟɧɨɫɢɬɫɹ 
ɧɚɩɪɚɜɥɹɟɦɨɣ ɜɨɥɧɨɣ ɧɟ ɬɨɥɶɤɨ ɜɧɭɬɪɢ ɧɟɤɨɬɨɪɨɝɨ ɨɝɪɚɧɢɱɟɧɧɨɝɨ ɨɛɴɟɦɚ, ɧɨ ɢ 
ɧɚ ɭɞɚɥɟɧɢɢ ɨɬ ɧɚɩɪɚɜɥɹɸɳɢɯ ɷɥɟɦɟɧɬɨɜ ɥɢɧɢɢ. ɗɬɨ ɜɥɢɹɟɬ ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ 
ɧɚ ɯɚɪɚɤɬɟɪ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɷɬɢɯ ɥɢɧɢɣ. ɋɨɛɫɬɜɟɧɧɵɟ ɜɨɥɧɵ ɪɚɫɫɦɨɬɪɟɧɧɵɯ 
ɜɨ ɜɬɨɪɨɣ ɢ ɬɪɟɬɶɟɣ ɝɥɚɜɚɯ ɷɤɪɚɧɢɪɨɜɚɧɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ 
ɨɤɚɡɵɜɚɥɢɫɶ ɛɵɫɬɪɵɦɢ (ɡɚ ɢɫɤɥɸɱɟɧɢɟɦ ɤɜɚɡɢ-Ɍ ɜɨɥɧɵ ɜ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ), 
ɚ ɜ ɨɬɤɪɵɬɵɯ ɥɢɧɢɹɯ ɫɨɛɫɬɜɟɧɧɵɟ ɜɨɥɧɵ ɨɤɚɡɵɜɚɸɬɫɹ ɦɟɞɥɟɧɧɵɦɢ. 
ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ ɧɟɨɛɯɨɞɢɦɨ ɢɡɦɟɧɹɬɶ ɨɛɥɚɫɬɶ ɩɨɢɫɤɚ ɤɨɪɧɟɣ ɞɢɫɩɟɪɫɢɨɧɧɵɯ 
ɭɪɚɜɧɟɧɢɣ ɩɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ. 
Ɂɚɞɚɱɟɣ ɞɚɧɧɨɣ ɝɥɚɜɵ ɹɜɥɹɟɬɫɹ ɚɧɚɥɢɡ ɲɢɪɨɤɨɝɨ ɤɥɚɫɫɚ ɨɬɤɪɵɬɵɯ 
ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɬɪɭɤɬɭɪ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ 
ɦɟɬɨɞɚ, ɚ ɬɚɤɠɟ ɦɚɤɫɢɦɚɥɶɧɨɟ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɪɚɧɟɟ ɫɨɨɬɧɨɲɟɧɢɣ 
ɞɥɹ ɫɨɫɬɚɜɥɟɧɢɹ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ, ɱɬɨ ɩɨɡɜɨɥɢɬ ɫɨɤɪɚɬɢɬɶ ɜɪɟɦɟɧɧɵɟ 
ɡɚɬɪɚɬɵ ɧɚ ɫɨɫɬɚɜɥɟɧɢɟ ɚɥɝɨɪɢɬɦɨɜ ɞɥɹ ɪɚɫɱɟɬɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɫɫɥɟɞɭɟɦɵɯ 
ɫɬɪɭɤɬɭɪ. 
4.1 Ɉɬɤɪɵɬɵɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ ɜɨɥɧɨɜɨɞ 
Ⱦɥɹ ɚɧɚɥɢɡɚ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɦɧɨɝɨɫɥɨɣɧɨɝɨ ɨɬɤɪɵɬɨɝɨ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɢɫɩɨɥɶɡɭɟɦ ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ ɢɡ ɪɚɡɞɟɥɚ 
2.1, ɡɚɦɟɧɹɹ ɤɨɧɰɟɜɵɟ ɩɪɨɜɨɞɢɦɨɫɬɢ (2.3), (2.4) ɜɵɪɚɠɟɧɢɹɦɢ (1.106), (1.107) ɫ 
ɭɬɨɱɧɟɧɢɟɦ ɤɨɥɢɱɟɫɬɜɚ ɫɥɨɟɜ: 
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ɉɪɢ ɷɬɨɦ, ɟɫɥɢ ɧɟ ɢɡɦɟɧɹɬɶ ɚɥɝɨɪɢɬɦ ɪɟɲɟɧɢɹ ɞɢɫɩɟɪɫɢɨɧɧɨɝɨ 
ɭɪɚɜɧɟɧɢɹ, ɟɝɨ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɥɹ ɪɚɫɱɟɬɚ ɞɜɭɯɫɥɨɣɧɨɝɨ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɜ ɛɟɡɝɪɚɧɢɱɧɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɫɪɟɞɟ ɫ ɩɨɬɟɪɹɦɢ 
ɢ ɛɟɡ (ɪɢɫ. 4.1). ȼɨɫɩɨɥɶɡɭɟɦɫɹ ɷɬɨɣ ɦɨɞɟɥɶɸ. 
 
Ɋɢɫ. 4.1 ɉɨɩɟɪɟɱɧɨɟ ɫɟɱɟɧɢɟ ɦɧɨɝɨɫɥɨɣɧɨɝɨ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ 
Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɤɨɪɪɟɤɬɧɨɫɬɢ ɜɵɪɚɠɟɧɢɣ ɩɪɟɨɛɪɚɡɭɟɦ ɢɯ ɩɪɢ ɩɨɦɨɳɢ 
ɩɪɟɞɟɥɶɧɨɝɨ ɩɟɪɟɯɨɞɚ ɤ ɨɞɧɨɪɨɞɧɨɦɭ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦɭ ɫɬɟɪɠɧɸ ɜ 
ɦɚɝɧɢɬɨɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɫɪɟɞɟ ( 2 1,r r→  3 2 ,ε → ε  3 2 ,γ → γ  3 2 ,μ → μ  3 2β → β ). 
Ɍɨɝɞɚ ɜɵɪɚɠɟɧɢɹ (4.1), (4.2) ɩɪɢɦɭɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ 
( )
( )
(2) '
2 12
1 0 0 1 (2)
2 2 1
m
E
m
H r
Y jY k r
H r
+ γε
= β γ
G
, (4.3)
( )
( )
(2) '
2 12
1 0 0 1 (2)
2 2 1
.
m
H
m
H r
Z jZ k r
H r
+ γμ
= β γ
G
 (4.4)
Ɇɚɬɪɢɰɵ ɩɟɪɟɞɚɱɢ ɫɪɟɞɧɟɝɨ ɫɥɨɹ ȿ- ɢ ɇ-ɥɢɧɢɣ ɨɤɚɠɭɬɫɹ ɪɚɜɧɵ ɟɞɢɧɢɱɧɵɦ 
ɦɚɬɪɢɰɚɦ: 
2 1 0
0 1E
C § ·ª º = ¨ ¸¬ ¼ © ¹
G
, (4.5)
2 1 0
0 1H
C § ·ª º = ¨ ¸¬ ¼ © ¹
G
. (4.6)
Ɇɚɬɪɢɰɚ ɩɟɪɟɞɚɱɢ ɱɟɪɟɡ ɫɥɨɣ ɢ ɞɜɟ ɝɪɚɧɢɰɵ ɩɪɟɨɛɪɚɡɭɟɬɫɹ ɤ ɬɚɤɨɣ ɮɨɪɦɟ: 
U U
ˢ˩ ˢ˩ ˢ˩
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[ ] [ ] [ ]21 2 1 1
1
1 0 0 0
0 1 0
0 1 0
0 0 0 1
N
R C
N
§ ·¨ ¸
−¨ ¸ª ºª º = Γ Γ = Γ =¬ ¼ ¬ ¼ ¨ ¸¨ ¸© ¹
G
. (4.7)
ɋɨɩɪɨɬɢɜɥɟɧɢɟ ɢ ɩɪɨɜɨɞɢɦɨɫɬɶ ɫɜɹɡɢ ɩɨɥɭɱɚɬɫɹ ɪɚɜɧɵɦɢ 
1
1 1
C
NEH
E E
NZ
Y Y+ −
=
+
G G H , (4.8)
1
1 1
C
NHE
H H
NY
Z Z+ −
= −
+
G G H . (4.9)
Ɍɨɝɞɚ ɧɚɩɪɚɜɥɟɧɧɵɟ ɦɨɞɚɥɶɧɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜɩɪɚɜɨ ɨɬ 
ɨɩɨɪɧɨɣ ɝɪɚɧɢɰɵ ɭɩɪɨɫɬɹɬɫɹ ɞɨ ɫɥɟɞɭɸɳɟɝɨ ɜɢɞɚ 
2
1
1 1
1 1
H H
E E
NZ Z
Y Y
− +
+ −
= +
+
G G G H , (4.10)
2
1
1 1
1 1
E E
H H
NY Y
Z Z
− +
+ −
= +
+
G G G H . (4.11)
ɋ ɭɱɟɬɨɦ ɩɪɢɜɟɞɟɧɧɵɯ ɜɵɪɚɠɟɧɢɣ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɭɪɚɜɧɟɧɢɹ (2.7) ɞɥɹ ɇ-
ɜɨɥɧ ɢ ɞɥɹ ȿ-ɜɨɥɧ ɫɨɜɩɚɞɭɬ, ɢ ɜɵɪɚɡɢɦ ɢɯ ɬɚɤ 
( )
( )
( ) ( )
( ) ( )
( ) ( )
( ) ( )
( )
( )
2 2
1 1 2 1 2 1 1 11 2 2 1
2 2
1 1 1 1 2 1 2 1 1 1 1 12 1 2 1
22 2
2 2 2
0 1 2
1 1 0.
m m m m
m mm m
J r H r H r J r
r J r r r r J rH r H r
m h
k
§ ·§ ·′ ′′ ′γ γ γ γμ μ ε ε¨ ¸¨ ¸− − +¨ ¸¨ ¸γ γ γ γ γ γγ γ© ¹© ¹
§ ·
+ − =¨ ¸γ γ© ¹
 (4.12)
ɉɪɢ 0m ≠  ɞɚɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɛɭɞɟɬ ɞɚɜɚɬɶ ɪɟɲɟɧɢɹ ɞɥɹ ɝɢɛɪɢɞɧɵɯ ɜɨɥɧ. 
ɉɪɢ 0m =  ɷɬɨ ɭɪɚɜɧɟɧɢɟ ɪɚɫɩɚɞɚɟɬɫɹ ɧɚ ɞɜɚ ɧɟɡɚɜɢɫɢɦɵɯ ɭɪɚɜɧɟɧɢɹ: 
( )
( )
( ) ( )
( ) ( )
2
1 1 2 11 2
2
1 1 1 2 2 1
m m
m m
J r H r
J r H r
′′ γ γμ μ
=
γ γ γ γ
, (4.13)
( )
( )
( ) ( )
( ) ( )
2
1 1 2 11 2
2
1 1 1 2 2 1
m m
m m
J r H r
J r H r
′′ γ γε ε
=
γ γ γ γ
. (4.14)
Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɪɟɲɟɧɢɹɦɢ ɷɬɢɯ ɭɪɚɜɧɟɧɢɣ ɛɭɞɭɬ ɞɢɫɩɟɪɫɢɨɧɧɵɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɥɹ ɫɢɦɦɟɬɪɢɱɧɵɯ H ɢ ȿ ɜɨɥɧ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɉɨɥɭɱɟɧɧɵɟ 
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ɜɵɪɚɠɟɧɢɹ (4.12)-(4.14) ɹɜɥɹɸɬɫɹ ɨɛɨɛɳɟɧɧɵɦɢ ɧɚ ɫɥɭɱɚɣ ɛɟɡɝɪɚɧɢɱɧɨɣ 
ɦɚɝɧɢɬɨɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɫɪɟɞɵ ɜɨɤɪɭɝ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɬɟɪɠɧɹ. ȿɫɥɢ ɢɯ 
ɭɩɪɨɫɬɢɬɶ ɞɥɹ ɫɥɭɱɚɹ ɫɬɟɪɠɧɹ ɜ ɜɨɡɞɭɲɧɨɣ ɫɪɟɞɟ, ɬɨ ɨɧɢ ɫɨɜɩɚɞɭɬ ɫ 
ɜɵɪɚɠɟɧɢɹɦɢ, ɩɪɢɜɟɞɟɧɧɵɦɢ, ɧɚɩɪɢɦɟɪ, ɜ [73]. ȼ ɩɪɢɜɟɞɟɧɧɨɦ ɜɢɞɟ ɨɧɢ ɬɚɤɠɟ 
ɜɵɜɟɞɟɧɵ ɜ [74]. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɨɤɚɡɚɧɨ, ɱɬɨ ɩɨɥɭɱɟɧɧɵɟ ɪɚɡɪɚɛɨɬɚɧɧɵɦ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɦ ɦɟɬɨɞɨɦ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɭɪɚɜɧɟɧɢɹ ɜɟɪɧɵ, ɤɚɤ ɦɢɧɢɦɭɦ 
ɞɥɹ ɫɥɭɱɚɹ ɨɞɧɨɪɨɞɧɨɝɨ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɬɟɪɠɧɹ ɜ ɨɞɧɨɪɨɞɧɨɣ ɫɪɟɞɟ. 
Ɉɫɧɨɜɧɨɣ ɜɨɥɧɨɣ ɜ ɬɚɤɨɣ ɫɬɪɭɤɬɭɪɟ ɧɚɡɨɜɟɦ ɜɨɥɧɭ ɇȿ11. Ɉɞɧɚɤɨ ɟɞɢɧɫɬɜɚ 
ɩɪɢ ɤɥɚɫɫɢɮɢɤɚɰɢɢ ɝɢɛɪɢɞɧɵɯ ɜɨɥɧ ɜ ɨɩɭɛɥɢɤɨɜɚɧɧɵɯ ɧɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ 
ɪɚɛɨɬɚɯ ɧɟɬ. ȼ ɨɬɥɢɱɢɟ ɨɬ ɡɚɤɪɵɬɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ, ɜ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦ ɜɨɥɧɨɜɨɞɟ ɧɟ ɦɨɝɭɬ ɫɭɳɟɫɬɜɨɜɚɬɶ ɧɟɫɢɦɦɟɬɪɢɱɧɵɟ 
ɦɚɝɧɢɬɧɵɟ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɜɨɥɧɵ ɩɨ ɨɬɞɟɥɶɧɨɫɬɢ. ɉɨɷɬɨɦɭ ɨɰɟɧɢɬɶ 
ɩɪɢɛɥɢɠɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɫɢɥɨɜɵɯ ɥɢɧɢɣ ɩɨɥɹ ɢɥɢ ɞɢɫɩɟɪɫɢɨɧɧɨɣ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɬɨɝɨ ɢɥɢ ɢɧɨɝɨ ɬɢɩɚ ɝɢɛɪɢɞɧɨɣ ɜɨɥɧɵ ɤ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ 
ɦɚɝɧɢɬɧɵɦ ɢɥɢ ɷɥɟɤɬɪɢɱɟɫɤɢɦ ɜɨɥɧɚɦ, ɩɪɢ ɩɪɟɞɟɥɶɧɨɦ ɩɪɟɨɛɪɚɡɨɜɚɧɢɢ 
ɩɚɪɚɦɟɬɪɨɜ ɡɚɩɨɥɧɟɧɢɹ, ɧɟ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɜɨɡɦɨɠɧɵɦ. 
Ɍɨ ɟɫɬɶ ɤɥɚɫɫɢɮɢɤɚɰɢɹ ɝɢɛɪɢɞɧɵɯ ɜɨɥɧ ɧɚ ɇȿ ɢɥɢ ȿɇ ɜ ɨɬɤɪɵɬɨɣ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɧɚɩɪɚɜɥɹɸɳɟɣ ɫɬɪɭɤɬɭɪɟ ɫɥɨɠɧɟɟ, ɱɟɦ ɜ ɡɚɤɪɵɬɨɣ. ȼ 
ɧɟɤɨɬɨɪɵɯ ɢɫɬɨɱɧɢɤɚɯ, ɧɚɩɪɢɦɟɪ, ɜ [73], ɨɫɧɨɜɧɚɹ ɜɨɥɧɚ ɤɥɚɫɫɢɮɢɰɢɪɭɟɬɫɹ ɤɚɤ 
ȿɇ11, ɜ ɞɪɭɝɢɯ, ɧɚɩɪɢɦɟɪ, ɜ [12], ɨɫɧɨɜɧɨɣ ɜɨɥɧɨɣ ɧɚɡɵɜɚɟɬɫɹ ɜɨɥɧɚ ɇȿ11. 
ȼ ɩɪɢɧɰɢɩɟ ɤɥɚɫɫɢɮɢɤɚɰɢɸ ɬɚɤɨɝɨ ɪɨɞɚ ɦɨɠɧɨ ɛɵɥɨ ɛɵ ɩɪɨɜɨɞɢɬɶ ɧɚ 
ɨɫɧɨɜɟ ɫɪɚɜɧɟɧɢɹ ɧɟɫɢɦɦɟɬɪɢɱɧɵɯ ɦɨɞ ɤɪɭɝɥɨɝɨ ɨɞɧɨɪɨɞɧɨ ɡɚɩɨɥɧɟɧɧɨɝɨ 
ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɢ ɤɪɭɝɥɨɝɨ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɧɚ ɱɚɫɬɨɬɚɯ 
ɫɭɳɟɫɬɜɟɧɧɨ ɜɵɲɟ ɤɪɢɬɢɱɟɫɤɨɣ. ȼ ɷɬɨɦ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ ɜɨɥɧɚ ɜɧɭɬɪɢ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɬɟɪɠɧɹ ɜɟɞɟɬ ɫɟɛɹ ɩɪɢɦɟɪɧɨ ɬɚɤ ɠɟ, ɤɚɤ ɜ ɷɤɪɚɧɢɪɨɜɚɧɧɨɦ 
ɜɨɥɧɨɜɨɞɟ. ȼ ɯɨɞɟ ɪɚɛɨɬɵ ɛɭɞɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɢɦɟɧɧɨ ɬɚɤɚɹ ɤɥɚɫɫɢɮɢɤɚɰɢɹ. 
Ʉɪɢɬɢɱɟɫɤɚɹ ɱɚɫɬɨɬɚ ɨɫɧɨɜɧɨɣ ɜɨɥɧɵ ɜ ɤɪɭɝɥɨɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦ 
ɜɨɥɧɨɜɨɞɟ ɪɚɜɧɚ 0. Ɉɞɧɚɤɨ ɜ ɨɛɥɚɫɬɢ ɧɢɡɤɢɯ ɱɚɫɬɨɬ ɧɚɩɪɚɜɥɹɸɳɢɟ ɫɜɨɣɫɬɜɚ 
ɞɚɧɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɩɪɨɹɜɥɹɸɬɫɹ ɫɭɳɟɫɬɜɟɧɧɨ ɦɟɧɶɲɟ, ɢ ɜɨɥɧɚ 
ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɤɚɤ ɩɥɨɫɤɚɹ ɨɞɧɨɪɨɞɧɚɹ, ɫɥɚɛɨ ɢɫɤɚɠɚɹ ɫɜɨɸ 
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ɫɬɪɭɤɬɭɪɭ ɜɛɥɢɡɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɬɟɪɠɧɹ. ɋ ɜɨɡɪɚɫɬɚɧɢɟɦ ɱɚɫɬɨɬɵ ɩɨɥɟ 
ɜɛɥɢɡɢ ɫɬɟɪɠɧɹ ɢɫɤɚɠɚɟɬɫɹ ɜɫɟ ɫɢɥɶɧɟɟ, ɢ ɞɨɥɹ ɷɧɟɪɝɢɢ, ɩɟɪɟɧɨɫɢɦɨɣ ɜɨɥɧɨɣ 
ɜɧɭɬɪɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɬɟɪɠɧɹ, ɜɨɡɪɚɫɬɚɟɬ. ȼ ɩɪɟɞɟɥɟ, ɩɪɢ ɭɫɬɪɟɦɥɟɧɢɢ 
ɱɚɫɬɨɬɵ ɤ ɛɟɫɤɨɧɟɱɧɨɫɬɢ, ɜɫɹ ɷɧɟɪɝɢɹ ɧɚɩɪɚɜɥɹɟɦɨɣ ɜɨɥɧɵ ɤɨɧɰɟɧɬɪɢɪɭɟɬɫɹ 
ɜɧɭɬɪɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ. ɗɬɨ ɹɜɥɟɧɢɟ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ, ɧɚɩɪɢɦɟɪ, 
ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɤɨɧɰɟɩɰɢɢ ɩɚɪɰɢɚɥɶɧɵɯ ɜɨɥɧ. ɋ ɭɦɟɧɶɲɟɧɢɟɦ ɱɚɫɬɨɬɵ 
ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɭɝɨɥ, ɩɨɞ ɤɨɬɨɪɵɦ ɩɚɞɚɟɬ ɩɚɪɰɢɚɥɶɧɚɹ ɜɨɥɧɚ ɧɚ ɝɪɚɧɢɰɭ ɪɚɡɞɟɥɚ 
ɦɟɠɞɭ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɫɬɟɪɠɧɟɦ ɢ ɨɤɪɭɠɚɸɳɢɦ ɩɪɨɫɬɪɚɧɫɬɜɨɦ. 
ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɜ ɧɟɤɨɬɨɪɵɣ ɦɨɦɟɧɬ ɤɪɢɬɢɱɟɫɤɢɟ ɭɫɥɨɜɢɹ ɞɥɹ ɩɚɞɚɸɳɟɣ ɧɚ 
ɝɪɚɧɢɰɭ ɪɚɡɞɟɥɚ ɩɚɪɰɢɚɥɶɧɨɣ ɜɨɥɧɵ ɩɟɪɟɫɬɚɸɬ ɜɵɩɨɥɧɹɬɶɫɹ, ɢ ɨɧɚ ɩɪɨɯɨɞɢɬ ɡɚ 
ɩɪɟɞɟɥɵ ɫɬɟɪɠɧɹ, ɪɚɫɩɪɨɫɬɪɚɧɹɹɫɶ ɜ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɟ. ɋ ɧɟɤɨɬɨɪɨɣ ɱɚɫɬɨɬɵ 
ɤɪɢɬɢɱɟɫɤɢɟ ɭɫɥɨɜɢɹ ɞɥɹ ɩɚɪɰɢɚɥɶɧɨɣ ɜɨɥɧɵ ɜɵɩɨɥɧɹɸɬɫɹ, ɢ ɭɦɟɧɶɲɚɟɬɫɹ 
ɞɨɥɹ ɷɧɟɪɝɢɢ, ɩɟɪɟɧɨɫɢɦɨɣ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɜɨɥɧɨɣ ɜɛɥɢɡɢ ɜɧɟɲɧɟɣ 
ɩɨɜɟɪɯɧɨɫɬɢ ɫɬɟɪɠɧɹ, ɢ ɪɚɫɬɟɬ ɞɨɥɹ ɷɧɟɪɝɢɢ, ɩɟɪɟɧɨɫɢɦɨɣ ɦɧɨɝɨɤɪɚɬɧɨ 
ɨɬɪɚɠɚɸɳɟɣɫɹ ɩɚɪɰɢɚɥɶɧɨɣ ɜɨɥɧɨɣ ɜɧɭɬɪɢ ɫɬɟɪɠɧɹ. 
ɗɬɨ ɹɜɥɟɧɢɟ ɬɚɤɠɟ ɦɨɠɧɨ ɩɪɨɫɥɟɞɢɬɶ ɩɨ ɞɢɫɩɟɪɫɢɨɧɧɵɦ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɤɪɭɝɥɨɝɨ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ (ɪɢɫ. 
4.2). 
 
Ɋɢɫ. 4.2 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ İ1 = 2 ɜ 
ɜɨɡɞɭɯɟ 
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ɉɟɪɜɵɦ ɜɵɫɲɢɦ ɬɢɩɨɦ ɜɨɥɧɵ ɜ ɤɪɭɝɥɨɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦ ɜɨɥɧɨɜɨɞɟ 
ɹɜɥɹɟɬɫɹ ɜɨɥɧɚ ȿ01 ɢ ɜɵɪɨɠɞɟɧɧɚɹ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɧɟɣ ɜɨɥɧɚ ɇ01. Ʉɪɢɬɢɱɟɫɤɢɟ 
ɱɚɫɬɨɬɵ ɷɬɢɯ ɜɨɥɧ ɫɨɜɩɚɞɚɸɬ ɢ ɨɩɪɟɞɟɥɹɸɬɫɹ ɢɡ ɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɭɪɚɜɧɟɧɢɹ 
(4.12) ɫɥɟɞɭɸɳɢɦ ɜɵɪɚɠɟɧɢɟɦ [74]: 
01 01, 01
1 1 1 2 22
E H
kp
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r
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=
π ε μ − ε μ
, (4.15)
ɝɞɟ 01ξ  – ɩɟɪɜɵɣ ɤɨɪɟɧɶ ɮɭɧɤɰɢɢ Ȼɟɫɫɟɥɹ ɧɭɥɟɜɨɝɨ ɩɨɪɹɞɤɚ. Ɍ.ɟ. ɜɟɪɯɧɹɹ 
ɝɪɚɧɢɰɚ ɪɚɛɨɱɟɝɨ ɱɚɫɬɨɬɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɨɞɧɨɜɨɥɧɨɜɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨɬɵ 
ɨɩɪɟɞɟɥɹɟɬɫɹ ɪɚɞɢɭɫɨɦ ɫɬɟɪɠɧɹ ɢ ɪɚɡɧɨɫɬɶɸ ɩɨɤɚɡɚɬɟɥɟɣ ɩɪɟɥɨɦɥɟɧɢɹ ɫɬɟɪɠɧɹ 
ɢ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ. ɉɨɫɥɟɞɧɟɟ ɫɜɨɣɫɬɜɨ ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɫɨɡɞɚɧɢɹ 
ɜɨɥɨɤɨɧɧɵɯ ɫɜɟɬɨɜɨɞɨɜ, ɨ ɤɨɬɨɪɵɯ ɛɭɞɟɬ ɫɤɚɡɚɧɨ ɧɢɠɟ. ɍɤɚɡɚɧɧɚɹ ɮɨɪɦɭɥɚ ɞɥɹ 
ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɩɟɪɜɨɝɨ ɜɵɫɲɟɝɨ ɬɢɩɚ ɞɚɟɬ ɩɨɥɧɨɟ ɫɨɜɩɚɞɟɧɢɟ ɫ 
ɤɪɢɬɢɱɟɫɤɢɦɢ ɱɚɫɬɨɬɚɦɢ, ɩɨɥɭɱɟɧɧɵɦɢ ɪɚɡɪɚɛɨɬɚɧɧɵɦ ɦɟɬɨɞɨɦ. 
ɇɚ ɩɪɢɜɟɞɟɧɧɵɯ ɧɚ ɪɢɫ. 4.2 ɡɚɜɢɫɢɦɨɫɬɹɯ ɨɬɦɟɬɢɦ ɪɚɡɥɢɱɢɟ ɜ ɩɨɜɟɞɟɧɢɢ 
ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɤɪɢɜɵɯ ɜɨɥɧ ȿ01 ɢ ɇ01, ɧɟɫɦɨɬɪɹ ɧɚ ɪɚɜɟɧɫɬɜɨ ɢɯ ɤɪɢɬɢɱɟɫɤɢɯ 
ɱɚɫɬɨɬ. Ɍɚɤɨɣ ɯɚɪɚɤɬɟɪ ɩɨɜɟɞɟɧɢɹ ɨɬɦɟɱɟɧ ɜ [8]. Ʉɪɨɦɟ ɬɨɝɨ, ɦɨɠɧɨ ɧɚɛɥɸɞɚɬɶ 
ɨɬɥɢɱɢɟ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜɨɥɧ ȿɇ11 ɢ ɇȿ12. Ⱦɨ ɧɟɞɚɜɧɟɝɨ ɜɪɟɦɟɧɢ 
ɷɬɢ ɜɨɥɧɵ ɫɱɢɬɚɥɢɫɶ ɜɵɪɨɠɞɟɧɧɵɦɢ, ɤɚɤ ɢ ɜɨɨɛɳɟ ɜɫɟ ɜɨɥɧɵ ȿɇ1n ɢ ɇȿ1,n+1. 
Ɉɞɧɚɤɨ ɜ ɪɚɛɨɬɟ [23] ɩɨɤɚɡɚɧɨ, ɱɬɨ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜɨɥɧ ɇȿ1,n+1, 
ɧɚɱɢɧɚɹ ɫ ɨɩɪɟɞɟɥɟɧɧɵɯ ɱɚɫɬɨɬ, ɭɞɚɥɟɧɧɵɯ ɨɬ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɜɨɥɧ ȿɇ1n, 
ɬɹɧɭɬɫɹ ɜɞɨɥɶ ɥɢɧɢɢ 1zβ =  ɜ ɩɪɟɞɟɥɚɯ ɬɨɱɧɨɫɬɢ ɩɨɥɭɱɚɟɦɵɯ ɪɟɡɭɥɶɬɚɬɨɜ. ɗɬɨɬ 
ɜɵɜɨɞ ɫɞɟɥɚɧ ɧɚ ɨɫɧɨɜɟ ɚɧɚɥɢɡɚ ɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɭɪɚɜɧɟɧɢɹ ɜɛɥɢɡɢ ɤɪɢɬɢɱɟɫɤɢɯ 
ɱɚɫɬɨɬ ɭɤɚɡɚɧɧɵɯ ɬɢɩɨɜ ɜɨɥɧ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɪɢɬɢɱɟɫɤɢɟ ɱɚɫɬɨɬɵ ɜɨɥɧ ɇȿ1,n+1 
ɨɤɚɡɵɜɚɸɬɫɹ ɧɟɹɜɧɨ ɜɵɪɚɠɟɧɧɵɦɢ ɢ ɧɟɥɶɡɹ ɫɬɪɨɝɨ ɝɨɜɨɪɢɬɶ ɨ ɜɵɪɨɠɞɟɧɢɢ 
ɜɨɥɧ ȿɇ1n ɢ ɇȿ1,n+1. ɍɤɚɡɚɧɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɦɨɠɧɨ ɧɚɛɥɸɞɚɬɶ ɧɚ ɪɢɫ. 4.2.  
Ⱦɥɹ ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ ɩɪɨɜɟɪɤɢ ɜɵɜɨɞɨɜ ɛɵɥɢ ɩɨɫɬɪɨɟɧɵ ɱɚɫɬɨɬɧɵɟ 
ɡɚɜɢɫɢɦɨɫɬɢ ɫ ɭɜɟɥɢɱɟɧɧɨɣ ɬɨɱɧɨɫɬɶɸ (ɪɢɫ. 4.3). ɂɡ ɞɚɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɨɱɟɜɢɞɧɨ, ɱɬɨ ɜɨɥɧɵ ȿ01 ɢ ɇ01 ɜɵɪɨɠɞɟɧɵ ɛɟɡɨɝɨɜɨɪɨɱɧɨ, ɜ ɬɨ ɜɪɟɦɹ ɤɚɤ ɫ 
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ɜɨɥɧɚɦɢ ȿɇ11 ɢ ɇȿ12 ɧɚɛɥɸɞɚɟɬɫɹ ɨɬɦɟɱɟɧɧɚɹ ɜɵɲɟ ɫɢɬɭɚɰɢɹ, ɬ.ɟ. ɜɨɥɧɚ ɇȿ12 
ɧɟ ɢɦɟɟɬ ɱɟɬɤɨ ɜɵɪɚɠɟɧɧɨɣ ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ, ɜ ɨɬɥɢɱɢɟ ɨɬ ȿɇ11.  
 
Ɋɢɫ. 4.3. Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ İ1 = 2 ɜ 
ɜɨɡɞɭɯɟ 
ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ ɦɚɫɲɬɚɛɚ (ɪɢɫ. 4.4) ɜɵɜɨɞɵ ɬɚɤɠɟ 
ɩɨɞɬɜɟɪɠɞɚɸɬɫɹ.  
 
Ɋɢɫ. 4.4 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ İ1 = 2 ɜ 
ɜɨɡɞɭɯɟ 
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Ɉɫɨɛɟɧɧɨ ɨɫɬɪɨ ɭɤɚɡɚɧɧɵɟ ɷɮɮɟɤɬɵ ɩɪɨɹɜɥɹɸɬɫɹ ɫ ɭɜɟɥɢɱɟɧɢɟɦ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɫɬɟɪɠɧɹ. Ⱦɥɹ ɨɰɟɧɤɢ ɜɥɢɹɧɢɹ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɛɵɥɢ ɩɨɫɬɪɨɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɹ İ1=18, 
ɤɨɬɨɪɵɟ ɬɚɤɠɟ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɜ [12] (ɪɢɫ. 4.5). Ɂɚɦɟɬɢɦ, ɱɬɨ ɢɡ ɩɨɥɭɱɟɧɧɵɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɥɟɞɭɟɬ, ɱɬɨ ɬɟɧɞɟɧɰɢɹ ɭɜɟɥɢɱɟɧɢɹ ɪɚɡɪɵɜɚ ɦɟɠɞɭ 
ɮɚɤɬɢɱɟɫɤɢɦɢ ɤɪɢɬɢɱɟɫɤɢɦɢ ɱɚɫɬɨɬɚɦɢ ɜɨɥɧ ȿɇ11 ɢ ɇȿ12 ɫ ɪɨɫɬɨɦ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɭɫɢɥɢɜɚɟɬɫɹ, ɢ ɩɪɢ ɷɬɨɦ ɫɨɯɪɚɧɹɟɬɫɹ ɱɟɬɤɨɟ 
ɜɵɪɨɠɞɟɧɢɟ ɜɨɥɧ ȿ01 ɢ ɇ01. 
 
Ɋɢɫ. 4.5 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ İ1 = 18 ɜ 
ɜɨɡɞɭɯɟ 
ɉɪɢ ɩɟɪɟɯɨɞɟ ɤ ɞɜɭɯɫɥɨɣɧɨɦɭ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦɭ ɜɨɥɧɨɜɨɞɭ, ɤɨɬɨɪɵɣ, 
ɤɚɤ ɩɪɚɜɢɥɨ, ɢɫɩɨɥɶɡɭɟɬɫɹ ɤɚɤ ɨɩɬɨɜɨɥɨɤɨɧɧɚɹ ɥɢɧɢɹ ɩɟɪɟɞɚɱɢ, ɩɨɥɚɝɚɸɬ, ɱɬɨ 
ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɥɹ ɪɚɫɱɟɬɚ ɜɟɪɯɧɟɣ ɝɪɚɧɢɰɵ ɪɚɛɨɱɟɝɨ ɱɚɫɬɨɬɧɨɝɨ 
ɞɢɚɩɚɡɨɧɚ ɨɞɧɨɜɨɥɧɨɜɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨɬɵ (ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɜɨɥɧ ȿ01 ɢ ɇ01) 
ɜɵɪɚɠɟɧɢɟ (4.15). ɉɪɢ ɷɬɨɦ, ɩɪɟɠɞɟ ɜɫɟɝɨ, ɪɭɤɨɜɨɞɫɬɜɭɸɬɫɹ ɬɟɦ, ɱɬɨ ɛɨɥɶɲɚɹ 
ɱɚɫɬɶ ɷɧɟɪɝɢɢ ɩɟɪɟɧɨɫɢɬɫɹ ɧɚɩɪɚɜɥɹɟɦɨɣ ɜɨɥɧɨɣ ɜɛɥɢɡɢ ɜɧɭɬɪɟɧɧɟɝɨ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɬɟɪɠɧɹ (ɫɟɪɞɰɟɜɢɧɵ). Ɍ.ɟ. ɟɫɥɢ ɜɧɟɲɧɹɹ ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ 
ɨɛɨɥɨɱɤɚ ɢɦɟɟɬ ɬɚɤɢɟ ɪɚɡɦɟɪɵ, ɱɬɨ ɨɯɜɚɬɵɜɚɟɬ ɨɛɥɚɫɬɶ, ɫɭɳɟɫɬɜɟɧɧɭɸ ɞɥɹ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɜɨɥɧɵ ɫɧɚɪɭɠɢ ɫɟɪɞɰɟɜɢɧɵ, ɬɨ ɩɪɢɛɥɢɠɟɧɧɨ 
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ɜɫɸ ɷɬɭ ɫɢɫɬɟɦɭ ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɫɟɪɞɰɟɜɢɧɭ, ɪɚɫɩɨɥɨɠɟɧɧɭɸ ɜ 
ɛɟɡɝɪɚɧɢɱɧɨɣ ɫɪɟɞɟ ɫ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɨɛɨɥɨɱɤɢ.  
ɗɬɢ ɪɚɡɦɵɲɥɟɧɢɹ ɩɪɢɜɨɞɹɬ ɤ ɫɩɨɫɨɛɭ ɭɜɟɥɢɱɟɧɢɹ ɜɟɪɯɧɟɣ ɝɪɚɧɢɰɵ 
ɪɚɛɨɱɟɝɨ ɞɢɚɩɚɡɨɧɚ ɱɚɫɬɨɬ, ɨɬɥɢɱɧɨɦɭ ɨɬ ɢɡɦɟɧɟɧɢɹ ɪɚɡɦɟɪɨɜ ɫɟɪɞɰɟɜɢɧɵ. ȼ 
ɫɚɦɨɦ ɞɟɥɟ, ɟɫɥɢ ɛɵ ɦɵ ɡɚɯɨɬɟɥɢ ɫɨɡɞɚɬɶ ɨɞɧɨɪɨɞɧɵɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ 
ɜɨɥɧɨɜɨɞ ɫ İ1=2, ɪɚɛɨɬɚɸɳɢɣ ɜ ɨɩɬɢɱɟɫɤɨɦ ɞɢɚɩɚɡɨɧɟ, ɬɨ ɩɪɢɲɥɨɫɶ ɛɵ ɫɞɟɥɚɬɶ 
ɪɚɞɢɭɫ ɫɬɟɪɠɧɹ ɪɚɜɧɵɦ ɞɨɥɹɦ ɦɢɤɪɨɦɟɬɪɨɜ. ȿɫɬɟɫɬɜɟɧɧɨ, ɬɚɤɚɹ ɤɨɧɫɬɪɭɤɰɢɹ 
ɨɤɚɡɵɜɚɟɬɫɹ ɧɟɬɟɯɧɨɥɨɝɢɱɧɨɣ. ȼ ɬɨ ɠɟ ɜɪɟɦɹ, ɫɨɝɥɚɫɧɨ (4.15) ɞɥɹ ɭɜɟɥɢɱɟɧɢɹ 
ɤɪɢɬɢɱɟɫɤɨɣ ɱɚɫɬɨɬɵ ɩɟɪɜɨɝɨ ɜɵɫɲɟɝɨ ɬɢɩɚ ɦɨɠɧɨ ɭɦɟɧɶɲɢɬɶ ɪɚɡɧɢɰɭ ɦɟɠɞɭ 
ɩɨɤɚɡɚɬɟɥɹɦɢ ɩɪɟɥɨɦɥɟɧɢɹ ɫɬɟɪɠɧɹ ɢ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ. ɇɨ, ɟɫɥɢ 
ɨɞɧɨɪɨɞɧɵɣ ɫɬɟɪɠɟɧɶ ɪɚɫɩɨɥɨɠɟɧ ɜ ɜɨɡɞɭɯɟ, ɬɨ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɪɚɛɨɱɢɯ ɟɝɨ 
ɪɚɡɦɟɪɨɜ, ɛɨɥɶɲɢɯ ɟɞɢɧɢɰ ɦɢɤɪɨɧ ɩɪɢɲɥɨɫɶ ɛɵ ɫɞɟɥɚɬɶ İ1 ɪɚɜɧɵɦ ɩɪɢɦɟɪɧɨ 
1,01 ɢ ɫɨɯɪɚɧɹɬɶ ɟɝɨ ɧɚ ɜɫɟɦ ɩɪɨɬɹɠɟɧɢɢ ɥɢɧɢɢ, ɱɬɨ ɹɜɥɹɟɬɫɹ ɤɪɚɣɧɟ 
ɬɪɭɞɧɨɜɵɩɨɥɧɢɦɨɣ ɡɚɞɚɱɟɣ. Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɫɥɭɱɚɟ ɨɞɧɨɪɨɞɧɨɝɨ ɫɬɟɪɠɧɹ, 
ɩɨɜɟɪɯɧɨɫɬɧɚɹ ɜɨɥɧɚ ɫ ɜɧɟɲɧɟɣ ɟɝɨ ɫɬɨɪɨɧɵ ɛɭɞɟɬ ɩɟɪɟɧɨɫɢɬɶ ɷɧɟɪɝɢɸ ɜ 
ɨɤɪɭɠɚɸɳɟɦ ɫɬɟɪɠɟɧɶ ɩɪɨɫɬɪɚɧɫɬɜɟ, ɱɬɨ ɡɚɬɪɭɞɧɹɟɬ ɫɨɡɞɚɧɢɟ ɞɥɢɧɧɵɯ ɥɢɧɢɣ 
ɩɟɪɟɞɚɱɢ ɧɚ ɬɚɤɨɣ ɨɫɧɨɜɟ.  
ɂɡ ɜɫɟɝɨ ɜɵɲɟɫɤɚɡɚɧɧɨɝɨ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ ɨ ɬɨɦ, ɱɬɨ ɫɚɦɵɦ 
ɩɪɢɟɦɥɟɦɵɦ ɫɩɨɫɨɛɨɦ ɩɨɥɭɱɟɧɢɹ ɥɢɧɢɢ ɨɩɬɢɱɟɫɤɨɝɨ ɪɚɛɨɱɟɝɨ ɞɢɚɩɚɡɨɧɚ ɛɭɞɟɬ 
ɜɧɟɫɟɧɢɟ ɨɛɨɥɨɱɤɢ ɜ ɤɨɧɫɬɪɭɤɰɢɸ ɥɢɧɢɢ, ɩɪɢ ɬɨɦ, ɱɬɨ ɨɛɨɥɨɱɤɚ ɛɭɞɟɬ ɨɛɥɚɞɚɬɶ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɶɸ ɧɟɫɤɨɥɶɤɨ ɦɟɧɶɲɟɣ, ɱɟɦ ɫɟɪɞɰɟɜɢɧɚ. Ɍɨɝɞɚ 
ɷɬɨ ɨɬɥɢɱɢɟ ɧɟ ɞɨɥɠɧɨ ɫɨɫɬɚɜɥɹɬɶ ɛɨɥɟɟ 1-2%. ɇɚ ɷɬɨɦ ɩɪɢɧɰɢɩɟ ɢ ɨɫɧɨɜɚɧɚ 
ɪɚɛɨɬɚ ɨɩɬɨɜɨɥɨɤɨɧɧɵɯ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ. 
Ⱦɥɹ ɨɰɟɧɤɢ ɮɚɤɬɢɱɟɫɤɢɯ ɪɚɡɥɢɱɢɣ ɜ ɩɨɜɟɞɟɧɢɢ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɨɩɬɨɜɨɥɨɤɨɧɧɨɣ ɥɢɧɢɢ ɢ ɨɞɧɨɪɨɞɧɨɝɨ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɬɟɪɠɧɹ ɜ 
ɛɟɡɝɪɚɧɢɱɧɨɣ ɫɪɟɞɟ ɫ ɩɚɪɚɦɟɬɪɚɦɢ ɨɛɨɥɨɱɤɢ ɩɨɥɭɱɟɧɵ ɱɚɫɬɨɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 
ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ ɜ ɷɬɢɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦɚɯ (ɪɢɫ. 4.6-4.7). ɉɚɪɚɦɟɬɪɵ 
ɥɢɧɢɣ ɩɨɞɨɛɪɚɧɵ ɛɥɢɡɤɢɦɢ ɤ ɪɟɚɥɶɧɵɦ ɨɞɧɨɦɨɞɨɜɵɦ ɨɩɬɢɱɟɫɤɢɦ ɜɨɥɨɤɧɚɦ.  
ɇɚ ɪɢɫ. 4.6 ɡɚɦɟɬɧɨ ɫɥɢɹɧɢɟ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜɨɥɧ ȿ01, ɇ01 ɢ 
ɇ21, ɚ ɬɚɤɠɟ ɜɨɥɧ ȿɇ11, ɇȿ31 ɢ ɇȿ12, ɤɨɬɨɪɨɟ ɛɵɥɨ ɨɬɦɟɱɟɧɨ ɜ [8]. Ɂɚ ɫɱɟɬ ɦɚɥɨɣ 
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ɪɚɡɧɢɰɵ ɦɟɠɞɭ ɩɨɤɚɡɚɬɟɥɹɦɢ ɩɪɟɥɨɦɥɟɧɢɹ ɫɟɪɞɰɟɜɢɧɵ ɢ ɨɛɨɥɨɱɤɢ ɜɟɪɯɧɹɹ 
ɱɚɫɬɨɬɚ ɞɢɚɩɚɡɨɧɚ ɨɞɧɨɜɨɥɧɨɜɨɝɨ ɪɟɠɢɦɚ ɡɧɚɱɢɬɟɥɶɧɨ ɜɨɡɪɨɫɥɚ, ɢ ɜ ɥɢɧɢɢ 
ɦɨɝɭɬ ɪɚɫɩɪɨɫɬɪɚɧɹɬɶɫɹ ɜɨɥɧɵ ɢɧɮɪɚɤɪɚɫɧɨɝɨ ɞɢɚɩɚɡɨɧɚ.  
 
Ɋɢɫ. 4.6 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ 
İ1 = 2,10, İ2 = 2,095, r1 = 4 ɦɤɦ 
 
Ɋɢɫ. 4.7 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɩɬɨɜɨɥɨɤɨɧɧɨɣ ɥɢɧɢɢ ɫ İ1 = 2,10, 
İ2 = 2,095, r1 = 4 ɦɤɦ, r2 = 62,5 ɦɤɦ ɜ ɜɨɡɞɭɯɟ ɫ İ3 = 1 
123 
 
ɉɪɢ ɩɟɪɟɯɨɞɟ ɤ ɞɜɭɯɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɟ (ɪɢɫ. 4.7), ɜɢɞɧɨ, ɱɬɨ ɩɨɪɹɞɨɤ 
ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɧɚ ɱɚɫɬɨɬɧɨɣ ɨɫɢ ɫɨɯɪɚɧɹɟɬɫɹ. Ɉɞɧɚɤɨ 
ɫɬɪɨɝɨɟ ɪɟɲɟɧɢɟ ɡɚɞɚɱɢ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɜ ɨɩɬɨɜɨɥɨɤɨɧɧɨɣ ɥɢɧɢɢ, 
ɪɚɫɩɨɥɨɠɟɧɧɨɣ ɜ ɜɨɡɞɭɯɟ, ɜɵɫɲɢɟ ɬɢɩɵ ɜɨɥɧ ɦɨɝɭɬ ɪɚɫɩɪɨɫɬɪɚɧɹɬɶɫɹ ɧɚ 
ɱɚɫɬɨɬɚɯ, ɤɨɬɨɪɵɟ ɫɭɳɟɫɬɜɟɧɧɨ ɧɢɠɟ, ɱɟɦ ɜ ɨɞɧɨɪɨɞɧɨɣ ɫɬɪɭɤɬɭɪɟ ɫɯɨɠɟɣ 
ɤɨɧɮɢɝɭɪɚɰɢɢ. ɉɪɢ ɷɬɨɦ ɜ ɨɛɥɚɫɬɢ ɧɢɡɤɢɯ ɱɚɫɬɨɬ (ɪɢɫ. 4.8) ɡɚɜɢɫɢɦɨɫɬɢ ɜɟɞɭɬ 
ɫɟɛɹ ɬɚɤ ɠɟ, ɤɚɤ ɢ ɜ ɨɞɧɨɪɨɞɧɨɦ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɦ ɜɨɥɧɨɜɨɞɟ ɫ ɩɚɪɚɦɟɬɪɚɦɢ 
ɨɛɨɥɨɱɤɢ ɜ ɜɨɡɞɭɯɟ, ɬ.ɟ. ɧɚɩɪɚɜɥɹɸɳɢɟ ɫɜɨɣɫɬɜɚ ɫɟɪɞɰɟɜɢɧɵ ɩɪɨɹɜɥɹɸɬɫɹ 
ɫɥɚɛɨ.  
 
Ɋɢɫ. 4.8 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɩɬɨɜɨɥɨɤɨɧɧɨɣ ɥɢɧɢɢ ɫ İ1 = 2,10, 
İ2 = 2,095, r1 = 4 ɦɤɦ, r2 = 62,5 ɦɤɦ ɜ ɜɨɡɞɭɯɟ ɫ İ3 = 1 
Ⱦɥɹ ɛɨɥɟɟ ɞɟɬɚɥɶɧɨɝɨ ɚɧɚɥɢɡɚ ɧɟɨɛɯɨɞɢɦɨ ɩɨɫɬɪɨɢɬɶ ɭɬɨɱɧɟɧɧɵɟ 
ɡɚɜɢɫɢɦɨɫɬɢ ɜɛɥɢɡɢ ɜɨɥɧɨɜɵɯ ɱɢɫɟɥ, ɩɨɥɭɱɟɧɧɵɯ ɞɥɹ ɨɞɧɨɪɨɞɧɨɣ ɫɬɪɭɤɬɭɪɵ 
(ɪɢɫ. 4.9). ɂ, ɱɬɨɛɵ ɡɚɜɟɪɲɢɬɶ ɚɧɚɥɢɡ, ɩɨɫɬɪɨɢɦ ɞɢɫɩɟɪɫɢɨɧɧɵɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɜɭɯɫɥɨɣɧɨɝɨ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɜ ɬɨɣ ɠɟ ɨɛɥɚɫɬɢ, 
ɱɬɨ ɛɵɥɢ ɩɨɫɬɪɨɟɧɵ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɞɧɨɪɨɞɧɨɝɨ ɫɬɟɪɠɧɹ (ɪɢɫ. 4.10). Ɍɟɩɟɪɶ 
ɫɬɚɧɨɜɢɬɫɹ ɨɱɟɜɢɞɧɨ, ɱɬɨ ɜ ɨɛɥɚɫɬɢ ɜɟɪɯɧɢɯ ɱɚɫɬɨɬ ɝɪɚɮɢɤɢ ɩɨɜɬɨɪɹɸɬ ɬɚɤɨɜɵɟ 
ɞɥɹ ɨɞɧɨɪɨɞɧɨɝɨ ɫɬɟɪɠɧɹ ɫ ɩɚɪɚɦɟɬɪɚɦɢ ɫɟɪɞɰɟɜɢɧɵ ɜ ɛɟɡɝɪɚɧɢɱɧɨɣ ɫɪɟɞɟ ɫ 
ɩɚɪɚɦɟɬɪɚɦɢ ɨɛɨɥɨɱɤɢ (ɪɢɫ. 4.6). Ɍ.ɟ. ɜ ɨɩɬɨɜɨɥɨɤɨɧɧɨɣ ɥɢɧɢɢ ɩɚɪɚɦɟɬɪɵ 
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ɨɛɨɥɨɱɤɢ ɩɨɞɨɛɪɚɧɵ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨ ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɛɨɥɶɲɚɹ ɱɚɫɬɶ ɷɧɟɪɝɢɢ 
ɜɨɥɧɵ ɜ ɨɛɥɚɫɬɢ ɢɧɮɪɚɤɪɚɫɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɪɚɫɩɪɨɫɬɪɚɧɹɟɬɫɹ ɜɧɭɬɪɢ 
ɫɟɪɞɰɟɜɢɧɵ, ɚ ɩɨɜɟɪɯɧɨɫɬɧɚɹ ɜɨɥɧɚ ɜ ɨɛɨɥɨɱɤɟ ɛɥɢɡɢ ɟɟ ɝɪɚɧɢɰɵ ɫ ɜɨɡɞɭɯɨɦ 
ɢɦɟɟɬ ɧɢɱɬɨɠɧɭɸ ɚɦɩɥɢɬɭɞɭ. 
 
Ɋɢɫ. 4.9 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɩɬɨɜɨɥɨɤɨɧɧɨɣ ɥɢɧɢɢ ɫ İ1 = 2,10, 
İ2 = 2,095, r1 = 4 ɦɤɦ, r2 = 62,5 ɦɤɦ ɜ ɜɨɡɞɭɯɟ ɫ İ3 = 1 
 
Ɋɢɫ. 4.10 Ⱦɢɫɩɟɪɫɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɩɬɨɜɨɥɨɤɨɧɧɨɣ ɥɢɧɢɢ ɫ İ1 = 2,10, 
İ2 = 2,095, r1 = 4 ɦɤɦ, r2 = 62,5 ɦɤɦ ɜ ɜɨɡɞɭɯɟ ɫ İ3 = 1 
Ɉɩɪɟɞɟɥɟɧɢɟ ɡɚɬɭɯɚɧɢɹ ɜ ɨɩɬɨɜɨɥɨɤɨɧɧɵɯ ɥɢɧɢɹɯ ɪɚɡɪɚɛɚɬɵɜɚɟɦɵɦ 
ɦɟɬɨɞɨɦ ɧɟɜɨɡɦɨɠɧɨ ɩɨ ɩɪɢɱɢɧɟ ɧɟɜɨɡɦɨɠɧɨɫɬɢ ɭɱɟɬɚ ɤɜɚɧɬɨɜɵɯ ɷɮɮɟɤɬɨɜ 
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ɩɪɢ ɪɚɫɫɟɹɧɢɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ ɢɧɮɪɚɤɪɚɫɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɢ ɪɷɥɟɟɜɫɤɨɝɨ 
ɪɚɫɫɟɹɧɢɹ ɜ ɦɚɬɟɪɢɚɥɟ ɪɟɚɥɶɧɨɝɨ ɤɜɚɪɰɟɜɨɝɨ ɫɬɟɤɥɚ. 
Ʉɪɨɦɟ ɨɩɬɢɱɟɫɤɢɯ ɜɨɥɨɤɨɧ ɜ ɤɚɱɟɫɬɜɟ ɞɜɭɯɫɥɨɣɧɵɯ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɜɨɥɧɨɜɨɞɨɜ ɦɨɝɭɬ ɜɵɫɬɭɩɚɬɶ ɜɨɥɧɨɜɨɞɵ ɤɥɚɫɫɚ ɩɨɥɵɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɣ ɤɚɧɚɥ 
[16]. 
4.2 Ɉɞɧɨɩɪɨɜɨɞɧɚɹ ɥɢɧɢɹ ɫ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɭɤɪɵɬɢɟɦ 
Ɉɞɧɨɩɪɨɜɨɞɧɵɟ ɥɢɧɢɢ ɹɜɥɹɸɬɫɹ ɥɢɧɢɹɦɢ ɩɟɪɟɞɚɱɢ ɫ ɩɨɜɟɪɯɧɨɫɬɧɵɦɢ 
ɜɨɥɧɚɦɢ. Ɉ ɜɨɡɦɨɠɧɨɫɬɢ ɢɯ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɩɢɫɚɥ ɟɳɟ Ɂɨɦɦɟɪɮɟɥɶɞ [2]. ȼ 
ɫɜɨɢɯ ɪɚɛɨɬɚɯ ɨɧ ɩɪɟɞɥɚɝɚɥ ɢɫɩɨɥɶɡɨɜɚɬɶ ɜ ɤɚɱɟɫɬɜɟ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ 
ɢɡɨɥɢɪɨɜɚɧɧɵɣ ɩɪɨɜɨɞɧɢɤ ɫɨ ɫɥɨɟɦ ɞɢɷɥɟɤɬɪɢɤɚ ɥɢɛɨ ɩɪɨɜɨɞɧɢɤ ɫ ɧɟ ɨɱɟɧɶ 
ɜɵɫɨɤɨɣ ɩɪɨɜɨɞɢɦɨɫɬɶɸ. Ɉɞɧɚɤɨ ɞɨ 50-ɯ ɝɨɞɨɜ 20-ɝɨ ɜɟɤɚ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɷɬɨɣ 
ɨɛɥɚɫɬɢ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɩɪɨɜɨɞɢɥɢɫɶ. 
ɂɫɩɨɥɶɡɨɜɚɧɢɟ ɨɬɞɟɥɶɧɨ ɜɡɹɬɨɝɨ ɩɪɨɜɨɞɧɢɤɚ ɫ ɨɝɪɚɧɢɱɟɧɧɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɶɸ ɞɥɹ ɩɟɪɟɞɚɱɢ ɷɧɟɪɝɢɢ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟɜɨɡɦɨɠɧɨ, ɬ.ɤ. ɯɨɬɹ ɩɨɥɟ 
ɢ ɤɨɧɰɟɧɬɪɢɪɭɟɬɫɹ ɜ ɨɛɥɚɫɬɢ ɩɪɨɜɨɞɧɢɤɚ, ɧɨ ɡɚɬɭɯɚɧɢɟ ɜ ɫɚɦɨɦ ɩɪɨɜɨɞɧɢɤɟ, 
ɤɚɤ ɩɪɚɜɢɥɨ, ɧɟɩɪɢɟɦɥɟɦɨ. Ⱦɪɭɝɨɣ ɫɩɨɫɨɛ ɤɨɧɰɟɧɬɪɚɰɢɢ ɩɨɥɹ ɜɛɥɢɡɢ 
ɩɪɨɜɨɞɧɢɤɚ – ɧɚɧɟɫɟɧɢɟ ɫɥɨɹ ɞɢɷɥɟɤɬɪɢɤɚ ɧɚ ɟɝɨ ɩɨɜɟɪɯɧɨɫɬɶ. ɉɪɢ ɷɬɨɦ 
ɡɚɬɭɯɚɧɢɟ ɛɨɥɶɲɟɣ ɱɚɫɬɶɸ ɡɚɜɢɫɢɬ ɨɬ ɩɨɬɟɪɶ ɜ ɭɤɪɵɜɚɸɳɟɦ ɞɢɷɥɟɤɬɪɢɤɟ ɢ ɜ 
ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɟ. Ɍɚɤɚɹ ɥɢɧɢɹ ɩɨɥɭɱɢɥɚ ɧɚɡɜɚɧɢɟ ɥɢɧɢɢ Ƚɭɛɨ. ȿɫɬɟɫɬɜɟɧɧɨ, 
ɫɜɨɣɫɬɜɚ ɷɬɨɣ ɥɢɧɢɢ ɲɢɪɨɤɨ ɢɫɫɥɟɞɨɜɚɧɵ ɢ ɡɞɟɫɶ ɟɟ ɚɧɚɥɢɡ ɩɪɢɜɨɞɢɬɫɹ ɥɢɲɶ 
ɞɥɹ ɢɥɥɸɫɬɪɚɰɢɢ ɭɧɢɜɟɪɫɚɥɶɧɨɫɬɢ ɪɚɡɪɚɛɚɬɵɜɚɟɦɨɝɨ ɦɟɬɨɞɚ. Ʉɪɨɦɟ ɬɨɝɨ, 
ɚɧɚɥɢɡ ɬɚɤɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɡɜɨɥɢɬ ɢɫɫɥɟɞɨɜɚɬɶ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɪɚɞɢɨɜɨɥɧ 
ɜɛɥɢɡɢ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɤɨɧɫɬɪɭɤɰɢɣ, ɬɚɤɢɯ ɤɚɤ ɬɪɭɛɨɩɪɨɜɨɞɵ, 
ɫɬɨɥɛɵ ɢ ɬ.ɞ. Ⱥɧɚɥɢɡ ɬɚɤɢɯ ɫɬɪɭɤɬɭɪ ɜɨɡɦɨɠɟɧ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɮɨɪɦɭɥ 
ɬɪɟɬɶɟɣ ɝɥɚɜɵ ɫ ɡɚɦɟɧɨɣ ɜɵɪɚɠɟɧɢɣ ɞɥɹ ɤɨɧɰɟɜɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɢ 
ɩɪɨɜɨɞɢɦɨɫɬɟɣ ɧɚ ɜɧɟɲɧɟɣ ɝɪɚɧɢɰɟ (ɛɟɡɝɪɚɧɢɱɧɚɹ ɫɪɟɞɚ) ɧɚ (4.1) ɢ (4.2). 
Ɉɞɧɚɤɨ ɡɚɞɚɱɟɣ ɞɚɧɧɨɝɨ ɪɚɡɞɟɥɚ ɹɜɥɹɟɬɫɹ ɚɧɚɥɢɡ ɫɬɪɭɤɬɭɪɵ, ɩɨɩɟɪɟɱɧɨɟ 
ɫɟɱɟɧɢɟ ɤɨɬɨɪɨɣ ɢɡɨɛɪɚɠɟɧɨ ɧɚ ɪɢɫ. 4.11. Ɍɚɤɚɹ ɫɬɪɭɤɬɭɪɚ ɨɤɚɡɵɜɚɟɬɫɹ 
ɯɨɪɨɲɟɣ ɦɨɞɟɥɶɸ ɞɥɹ ɚɧɚɥɢɡɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ ɜɛɥɢɡɢ ɬɪɭɛɨɩɪɨɜɨɞɚ ɫ 
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ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɭɤɪɵɬɢɟɦ, ɩɪɨɥɟɝɚɸɳɟɝɨ ɜ ɩɨɱɜɟ. ɉɪɢ ɷɬɨɦ ɚɧɚɥɢɡ ɛɭɞɟɬ 
ɩɪɢɧɰɢɩɢɚɥɶɧɨ ɨɬɥɢɱɚɬɶɫɹ ɨɬ ɩɪɟɞɥɚɝɚɟɦɨɝɨ ɜ ɩɪɟɞɵɞɭɳɢɯ ɪɚɡɞɟɥɚɯ.  
 
Ɋɢɫ. 4.11 ɉɨɩɟɪɟɱɧɨɟ ɫɟɱɟɧɢɟ ɩɪɨɜɨɞɹɳɟɝɨ ɫɬɟɪɠɧɹ ɫ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ 
ɩɨɤɪɵɬɢɟɦ ɜ ɫɪɟɞɟ ɫ ɩɨɬɟɪɹɦɢ 
ɋɭɳɟɫɬɜɟɧɧɨɟ ɨɬɥɢɱɢɟ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɤɨɧɤɪɟɬɢɡɚɰɢɢ ɫɩɨɫɨɛɚ 
ɜɨɡɛɭɠɞɟɧɢɹ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ. Ɂɞɟɫɶ ɡɚɞɚɟɦ ɜ ɹɜɧɨɦ ɜɢɞɟ 
ɜɨɡɛɭɠɞɟɧɢɟ ɩɪɢ ɩɨɦɨɳɢ ɤɨɥɶɰɚ ɦɚɝɧɢɬɧɨɝɨ ɬɨɤɚ, ɨɯɜɚɬɵɜɚɸɳɟɝɨ 
ɩɪɨɜɨɞɹɳɢɣ ɰɢɥɢɧɞɪ. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɫɪɚɡɭ ɜɵɞɟɥɢɬɶ ɢɡ ɫɩɟɤɬɪɚ ɨɱɟɜɢɞɧɨ 
ɨɫɧɨɜɧɭɸ ɜɨɥɧɭ, ɧɟ ɨɬɜɥɟɤɚɹɫɶ ɧɚ ɞɪɭɝɢɟ ɬɢɩɵ, ɚ ɬɚɤɠɟ ɩɪɨɢɥɥɸɫɬɪɢɪɨɜɚɬɶ 
ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɦɟɬɨɞɚ ɩɪɢ ɪɟɲɟɧɢɢ ɡɚɞɚɱ ɫ ɡɚɞɚɧɧɵɦɢ ɫɬɨɪɨɧɧɢɦɢ 
ɢɫɬɨɱɧɢɤɚɦɢ. ɉɪɢ ɷɬɨɦ ɜɵɪɚɠɟɧɢɹ (1.132)-(1.135) ɩɪɟɨɛɪɚɡɭɸɬɫɹ, ɢ ɩɨɥɭɱɢɦ 
ɩɪɨɜɨɞɢɦɨɫɬɶ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɥɢɧɢɢ, ɚ, ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢ ɭɪɚɜɧɟɧɢɟ 
ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ ɜ ɫɥɟɞɭɸɳɟɦ ɜɢɞɟ: 
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ɩɪɟɞɩɨɥɨɠɟɧɢɢ 2r rΔ  , ɬ.ɟ. ɬɨɧɤɨɝɨ ɭɤɪɵɬɢɹ, ɱɬɨ ɩɨɡɜɨɥɢɥɨ ɩɟɪɟɣɬɢ ɨɬ 
ɤɨɦɛɢɧɚɰɢɣ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɮɭɧɤɰɢɣ ɤ ɩɪɨɫɬɵɦ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɢɦ. 
ɉɨɩɭɬɧɨ ɜ ɞɚɧɧɨɦ ɪɚɡɞɟɥɟ ɪɟɲɚɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɜɚɠɧɚɹ ɡɚɞɚɱɚ 
ɨɩɪɟɞɟɥɟɧɢɹ ɩɪɢɧɰɢɩɢɚɥɶɧɨɣ ɜɨɡɦɨɠɧɨɫɬɢ ɢɞɟɧɬɢɮɢɤɚɰɢɢ ɥɨɤɚɥɶɧɵɯ 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ ɜɛɥɢɡɢ ɩɪɨɥɟɝɚɸɳɢɯ ɜ ɡɟɦɥɟ ɬɪɭɛɨɩɪɨɜɨɞɨɜ. Ⱦɥɹ ɡɚɞɚɱɢ 
ɫɨɡɞɚɧɢɹ ɭɫɬɪɨɣɫɬɜɚ ɢɞɟɧɬɢɮɢɤɚɰɢɢ ɧɟɫɚɧɤɰɢɨɧɢɪɨɜɚɧɧɵɯ ɜɪɟɡɨɤ ɩɪɢ 
ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɢɯɫɹ ɩɨ ɜɧɟɲɧɟɣ 
ɩɨɜɟɪɯɧɨɫɬɢ ɬɪɭɛɵ, ɧɟɨɛɯɨɞɢɦɨ ɨɩɪɟɞɟɥɢɬɶ ɩɨɫɬɨɹɧɧɵɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ, 
ɤɨɷɮɮɢɰɢɟɧɬ ɡɚɬɭɯɚɧɢɹ ɢ ɤɨɷɮɮɢɰɢɟɧɬ ɭɤɨɪɨɱɟɧɢɹ ɷɬɢɯ ɜɨɥɧ. Ⱦɥɹ ɷɬɨɝɨ ɦɨɠɧɨ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ ɨɞɧɨɩɪɨɜɨɞɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ, 
ɩɨɝɪɭɠɟɧɧɭɸ ɜ ɫɥɚɛɨ ɩɪɨɜɨɞɹɳɭɸ ɫɪɟɞɭ. Ⱦɢɚɦɟɬɪ ɥɢɧɢɢ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɞɢɚɦɟɬɪɭ ɬɪɭɛɨɩɪɨɜɨɞɚ. ɗɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɫɪɟɞɵ, ɜ ɤɨɬɨɪɨɣ 
ɧɚɯɨɞɢɬɫɹ ɥɢɧɢɹ ɩɟɪɟɞɚɱɢ, ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɩɚɪɚɦɟɬɪɚɦ ɩɨɱɜɵ. ɍɫɪɟɞɧɟɧɧɵɟ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɢ ɭɞɟɥɶɧɚɹ ɩɪɨɜɨɞɢɦɨɫɬɶ ɩɨɱɜɵ, 
ɨɩɪɟɞɟɥɟɧɧɵɟ ɧɚ ɨɫɧɨɜɟ [75–77], ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 4.1. 
Ɍɚɛɥɢɰɚ 4.1 ɗɥɟɤɬɪɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɪɚɡɥɢɱɧɵɯ ɜɢɞɨɜ ɡɟɦɧɨɣ  
ɩɨɜɟɪɯɧɨɫɬɢ (ɞɥɢɧɚ ɜɨɥɧɵ ɛɨɥɟɟ 1 ɦ), ɭɫɪɟɞɧɟɧɧɵɟ ɩɨ ɬɪɟɦ ɢɫɬɨɱɧɢɤɚɦ 
ȼɢɞ ɡɟɦɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ İ ı 
ɉɪɟɫɧɚɹ ɜɨɞɚ ɪɟɤ ɢ ɨɡɟɪ 80 0,01 – 0,03 
ȼɥɚɠɧɚɹ ɩɨɱɜɚ 11,7-26,7 0,008 – 0,11 
ɋɭɯɚɹ ɩɨɱɜɚ 2,7-6 4.10-5 – 0,004 
Ɇɟɪɡɥɚɹ ɩɨɱɜɚ 3-6 0,001 – 0,01 
 
ȼɵɪɚɠɟɧɢɟ (4.15) ɭɱɢɬɵɜɚɟɬ ɧɚɥɢɱɢɟ ɢɡɨɥɢɪɭɸɳɟɝɨ ɩɨɤɪɵɬɢɹ ɬɪɭɛɵ. 
ɉɪɢ ɪɚɫɱɟɬɚɯ ɬɨɥɳɢɧɚ ɡɚɳɢɬɧɨɝɨ ɫɥɨɹ ɩɨɥɚɝɚɥɚɫɶ ɪɚɜɧɨɣ 3ɦɦ, ɟɝɨ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɚɹ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɚ 2,3 (ɩɨɥɢɷɬɢɥɟɧ). 
Ɋɚɫɫɱɢɬɚɧɧɵɟ ɩɨ (4.15) ɤɨɷɮɮɢɰɢɟɧɬɵ ɡɚɦɟɞɥɟɧɢɹ ɢ ɤɨɷɮɮɢɰɢɟɧɬɵ ɡɚɬɭɯɚɧɢɹ 
ɨɞɧɨɩɪɨɜɨɞɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ, ɩɨɝɪɭɠɟɧɧɨɣ ɜ ɫɥɚɛɨ ɩɪɨɜɨɞɹɳɭɸ ɫɪɟɞɭ, 
ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 4.12-4.15. 
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Ɋɢɫ. 4.12 Ɂɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɦɟɞɥɟɧɢɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ ɜɨɥɧɵ ɨɬ 
ɱɚɫɬɨɬɵ ɜ ɫɬɚɥɶɧɨɣ ɬɪɭɛɟ ɞɢɚɦɟɬɪɨɦ 1 ɦ, ɫɨ ɫɥɨɟɦ ɞɢɷɥɟɤɬɪɢɤɚ (İ = 2,08) 
ɬɨɥɳɢɧɨɣ ǻr, ɧɚɯɨɞɹɳɟɣɫɹ ɜ ɫɪɟɞɟ ɫ ɩɚɪɚɦɟɬɪɚɦɢ İ = 20, ı = 0,05 ɫɢɦ/ɦ 
 
Ɋɢɫ. 4.13 Ɂɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ ɜɨɥɧɵ ɨɬ 
ɱɚɫɬɨɬɵ ɜ ɫɬɚɥɶɧɨɣ ɬɪɭɛɟ ɞɢɚɦɟɬɪɨɦ 1 ɦ, ɫɨ ɫɥɨɟɦ ɞɢɷɥɟɤɬɪɢɤɚ (İ = 2,08) 
ɬɨɥɳɢɧɨɣ ǻr, ɧɚɯɨɞɹɳɟɣɫɹ ɜ ɫɪɟɞɟ ɫ ɩɚɪɚɦɟɬɪɚɦɢ İ = 20, ı = 0,05 ɫɢɦ/ɦ 
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Ɋɢɫ. 4.14 Ɂɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɦɟɞɥɟɧɢɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ ɜɨɥɧɵ ɨɬ 
ɱɚɫɬɨɬɵ ɜ ɫɬɚɥɶɧɨɣ ɬɪɭɛɟ ɞɢɚɦɟɬɪɨɦ 1 ɦ, ɫɨ ɫɥɨɟɦ ɞɢɷɥɟɤɬɪɢɤɚ (İ = 2,08) 
ɬɨɥɳɢɧɨɣ ǻr, ɧɚɯɨɞɹɳɟɣɫɹ ɜ ɫɪɟɞɟ ɫ ɩɚɪɚɦɟɬɪɚɦɢ İ = 5, ı = 0,001 ɫɢɦ/ɦ 
 
Ɋɢɫ. 4.15 Ɂɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ ɜɨɥɧɵ ɨɬ 
ɱɚɫɬɨɬɵ ɜ ɫɬɚɥɶɧɨɣ ɬɪɭɛɟ ɞɢɚɦɟɬɪɨɦ 1 ɦ, ɫɨ ɫɥɨɟɦ ɞɢɷɥɟɤɬɪɢɤɚ (İ = 2,08) 
ɬɨɥɳɢɧɨɣ ǻr, ɧɚɯɨɞɹɳɟɣɫɹ ɜ ɫɪɟɞɟ ɫ ɩɚɪɚɦɟɬɪɚɦɢ İ = 5, ı = 0,001 ɫɢɦ/ɦ 
Ⱦɥɹ ɩɪɨɜɟɪɤɢ ɤɨɪɪɟɤɬɧɨɫɬɢ ɪɚɫɱɟɬɨɜ, ɜɵɩɨɥɧɟɧɧɵɯ ɚɧɚɥɢɬɢɱɟɫɤɢɦ 
ɦɟɬɨɞɨɦ, ɛɵɥɨ ɜɵɩɨɥɧɟɧɨ ɫɪɚɜɧɟɧɢɟ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ ɤɨɦɩɶɸɬɟɪɧɨɝɨ 
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ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ ɫɪɟɞɟ HFSS. ɑɢɫɥɟɧɧɵɣ ɚɧɚɥɢɡ ɩɨɡɜɨɥɹɟɬ ɪɚɫɫɱɢɬɚɬɶ 
ɩɨɫɬɨɹɧɧɵɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɫ ɭɱɟɬɨɦ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɝɪɭɧɬɚ ɢ ɧɚɥɢɱɢɹ 
ɝɪɚɧɢɰɵ ɫ ɜɨɡɞɭɯɨɦ. 
Ⱦɥɹ ɪɚɫɱɟɬɚ ɩɚɪɚɦɟɬɪɨɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɛɵɥɚ 
ɩɪɟɞɥɨɠɟɧɚ ɫɥɟɞɭɸɳɚɹ ɬɪɟɯɦɟɪɧɚɹ ɫɬɪɭɤɬɭɪɚ (ɪɢɫ. 4.16): ɥɢɧɢɹ ɩɟɪɟɞɚɱɢ 
ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɫɬɚɥɶɧɭɸ ɬɪɭɛɭ ɞɢɚɦɟɬɪɨɦ 1 ɦɟɬɪ ɫ  ɬɨɧɤɨɣ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɨɛɨɥɨɱɤɨɣ ( 2,08ε = , tg 0,001δ = , ɬɨɥɳɢɧɚ ɞɢɷɥɟɤɬɪɢɤɚ 3 ɦɦ). 
Ɍɪɭɛɚ ɩɨɝɪɭɠɟɧɚ ɧɚ ɧɟɤɨɬɨɪɭɸ ɝɥɭɛɢɧɭ H ɜ ɫɪɟɞɭ ɫ  ɩɚɪɚɦɟɬɪɚɦɢ: 20ε = , 
0,05σ =  ɋɢɦ/ɦ.  
 
Ɋɢɫ. 4.16 ɋɬɪɭɤɬɭɪɚ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɩɪɢ ɪɚɫɱɟɬɟ ɟɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜ ɫɪɟɞɟ HFSS 
Ⱦɥɢɧɚ ɨɬɪɟɡɤɚ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɞɥɹ ɚɧɚɥɢɡɚ ɟɟ ɮɢɞɟɪɧɵɯ ɫɜɨɣɫɬɜ 
ɫɨɫɬɚɜɢɥɚ 200 ɦ. Ɋɚɡɦɟɪɵ ɜɨɡɞɭɲɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ ɧɚɞ  ɥɢɧɢɟɣ ɩɟɪɟɞɚɱɢ 
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ɫɨɫɬɚɜɢɥɢ 100 ɦ×100 ɦ×200 ɦ. Ɋɚɡɦɟɪɵ ɫɪɟɞɵ – 100 ɦ×31,5 ɦ×200 ɦ 
(ɫɦ. ɪɢɫɭɧɨɤ 21). Ʌɢɧɢɹ ɩɟɪɟɞɚɱɢ ɩɨɥɚɝɚɟɬɫɹ ɪɟɝɭɥɹɪɧɨɣ.  
ɇɚɩɪɚɜɥɹɸɳɚɹ ɫɢɫɬɟɦɚ ɜ ɩɚɤɟɬɟ HFSS ɛɵɥɚ ɩɪɟɞɫɬɚɜɥɟɧɚ ɤɚɤ 
ɱɟɬɵɪɟɯɩɨɥɸɫɧɢɤ ɢɦɟɸɳɢɣ ɞɜɚ ɜɨɥɧɨɜɨɞɧɵɯ ɩɨɪɬɚ (ɧɚ ɬɵɥɶɧɨɣ ɢ 
ɮɪɨɧɬɚɥɶɧɨɣ ɫɬɨɪɨɧɚɯ ɫɬɪɭɤɬɭɪɵ), ɢ ɩɨɜɟɪɯɧɨɫɬɢ ɫ ɭɫɥɨɜɢɹɦɢ ɢɡɥɭɱɟɧɢɹ ɧɚ 
ɛɨɤɨɜɵɯ ɫɬɟɧɤɚɯ ɢ ɜɟɪɯɧɟɣ ɫɬɟɧɤɟ ɫɥɨɹ «ȼɨɡɞɭɯ». Ȼɥɚɝɨɞɚɪɹ ɷɬɨɦɭ ɫɬɚɥ 
ɜɨɡɦɨɠɟɧ ɪɚɫɱɟɬ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ. ɇɢɠɟ 
ɩɪɢɜɟɞɟɧɵ ɪɚɫɱɟɬɧɵɟ ɝɪɚɮɢɤɢ ɢ ɬɚɛɥɢɰɵ ɞɥɹ ɪɟɝɭɥɹɪɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ  ɜ 
ɜɢɞɟ ɬɪɭɛɨɩɪɨɜɨɞɚ, ɡɚɤɨɩɚɧɧɨɝɨ ɜ ɡɟɦɥɸ ɧɚ ɝɥɭɛɢɧɭ H = 1.5ɦɟɬɪɚ. 
ɇɚ ɪɢɫ. 4.17 ɜ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ ɢɡɨɛɪɚɠɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɮɚɡɵ 
ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɟɪɟɞɚɱɢ S21 ɨɬ ɱɚɫɬɨɬɵ, ɩɨ ɤɨɬɨɪɨɣ ɨɩɪɟɞɟɥɢɦ ɤɨɷɮɮɢɰɢɟɧɬ 
ɮɚɡɵ ɜ ɥɢɧɢɢ. Ɍɚɤɠɟ ɜɨɡɦɨɠɧɨ ɩɨɫɬɪɨɢɬɶ ɝɪɚɮɢɤɢ ɦɨɞɭɥɹ ɤɨɷɮɮɢɰɢɟɧɬɚ 
ɩɟɪɟɞɚɱɢ, ɩɨ ɤɨɬɨɪɵɦ ɨɩɪɟɞɟɥɢɦ ɤɨɷɮɮɢɰɢɟɧɬ ɡɚɬɭɯɚɧɢɹ. 
 
Ɋɢɫ. 4.17 Ɂɚɜɢɫɢɦɨɫɬɶ ɮɚɡɵ S21 ɨɬɪɟɡɤɚ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɨɬ ɱɚɫɬɨɬɵ 
Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ ɞɥɹ ɬɚɤɨɣ ɫɬɪɭɤɬɭɪɵ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 2, 3.  
ɏɚɪɚɤɬɟɪ ɩɪɢɜɟɞɟɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɜ ɰɟɥɨɦ ɫɨɜɩɚɞɚɟɬ ɫ ɯɚɪɚɤɬɟɪɨɦ 
ɡɚɜɢɫɢɦɨɫɬɟɣ, ɪɚɫɫɱɢɬɚɧɧɵɯ ɩɪɢ ɩɨɦɨɳɢ ɦɟɬɨɞɚ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɪɚɞɢɚɥɶɧɵɯ 
ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɞɥɹ ɨɞɧɨɩɪɨɜɨɞɧɨɣ ɥɢɧɢɢ ɜ ɛɟɫɤɨɧɟɱɧɨɣ ɫɪɟɞɟ ɫ ɩɨɬɟɪɹɦɢ. 
Ɉɞɧɚɤɨ, ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɫ ɭɱɟɬɨɦ ɜɨɡɞɭɲɧɨɣ ɫɪɟɞɵ, ɧɚɛɥɸɞɚɟɬɫɹ 
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ɜɨɡɪɚɫɬɚɧɢɟ ɡɚɬɭɯɚɧɢɹ, ɱɬɨ, ɜɟɪɨɹɬɧɨ, ɨɛɭɫɥɨɜɥɟɧɨ ɢɡɥɭɱɟɧɢɟɦ ɱɚɫɬɢ 
ɦɨɳɧɨɫɬɢ, ɪɚɫɩɪɨɫɬɪɚɧɹɸɳɟɣɫɹ ɜ ɜɨɡɞɭɯɟ. 
 
Ɋɢɫ. 4.18 Ɂɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ ɨɬ ɱɚɫɬɨɬɵ ɩɪɢ ɪɚɫɱɟɬɟ ɜ HFSS 
 
Ɋɢɫ. 4.19 Ɂɚɜɢɫɢɦɨɫɬɶ ɞɥɢɧɵ ɜɨɥɧɵ ɜ ɥɢɧɢɢ ɨɬ ɱɚɫɬɨɬɵ ɪɚɫɱɟɬɟ ɜ HFSS 
ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɡɜɨɥɹɸɬ ɨɰɟɧɢɬɶ ɜɨɡɦɨɠɧɨɫɬɶ ɫɨɡɞɚɧɢɹ 
ɭɫɬɪɨɣɫɬɜ ɞɥɹ ɨɛɧɚɪɭɠɟɧɢɹ ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ ɜɛɥɢɡɢ ɬɪɭɛɨɩɪɨɜɨɞɨɜ (ɧɚɩɪɢɦɟɪ, 
ɧɟɫɚɧɤɰɢɨɧɢɪɨɜɚɧɧɵɯ ɜɪɟɡɨɤ). ɉɪɢɜɟɞɟɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ 
ɧɚ ɧɢɡɤɢɯ ɱɚɫɬɨɬɚɯ (ɞɨ 10 ɤȽɰ) ɜɨɡɦɨɠɧɚ ɩɟɪɟɞɚɱɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ ɫ 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɛɨɥɶɲɢɦ ɡɚɬɭɯɚɧɢɟɦ (5-15 ɞȻ/ɤɦ), ɢ ɫ ɩɪɢɟɦɥɟɦɨɣ ɞɢɫɩɟɪɫɢɟɣ. 
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Ɉɞɧɚɤɨ ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ, ɱɬɨ ɜ ɪɟɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ ɩɨɱɜɚ, ɜ ɤɨɬɨɪɨɣ 
ɩɪɨɥɨɠɟɧɵ ɬɪɭɛɨɩɪɨɜɨɞɵ, ɢɦɟɟɬ ɪɚɡɥɢɱɧɵɟ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɜ ɜɢɞɟ ɹɦ, 
ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɝɪɭɧɬɚ ɢ ɬ.ɞ., ɱɬɨ, ɛɟɡɭɫɥɨɜɧɨ, ɦɨɠɟɬ ɩɨɜɥɢɹɬɶ ɧɚ ɡɚɬɭɯɚɧɢɟ ɜ 
ɥɢɧɢɢ ɜ ɯɭɞɲɭɸ ɫɬɨɪɨɧɭ. Ʉɪɨɦɟ ɬɨɝɨ, ɫɚɦɢ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɨɱɜɵ ɦɨɝɭɬ ɢɡɦɟɧɹɬɶɫɹ ɩɨɞ ɜɥɢɹɧɢɟɦ ɦɧɨɠɟɫɬɜɚ ɮɚɤɬɨɪɨɜ, 
ɬɚɤɢɯ ɤɚɤ ɜɥɚɠɧɨɫɬɶ, ɬɟɦɩɟɪɚɬɭɪɚ, ɧɚɥɢɱɢɟ ɪɚɫɬɢɬɟɥɶɧɨɫɬɢ ɢ ɦɧɨɝɢɯ ɞɪɭɝɢɯ. 
ȼ ɰɟɥɨɦ ɠɟ ɪɟɡɭɥɶɬɚɬɵ ɦɨɠɧɨ ɧɚɡɜɚɬɶ ɨɛɧɚɞɟɠɢɜɚɸɳɢɦɢ, ɩɨɬɨɦɭ ɤɚɤ 
ɞɥɹ ɪɚɞɢɨɥɨɤɚɰɢɨɧɧɵɯ ɫɢɝɧɚɥɨɜ ɦɨɠɧɨ ɪɚɫɩɨɥɨɠɢɬɶ ɜɟɫɶ ɫɩɟɤɬɪ ɫɢɝɧɚɥɚ ɜ 
ɧɢɠɧɟɣ ɨɛɥɚɫɬɢ ɱɚɫɬɨɬ, ɱɬɨ ɨɛɟɫɩɟɱɢɬ ɞɨɜɨɥɶɧɨ ɧɢɡɤɨɟ ɡɚɬɭɯɚɧɢɟ.  
ȼ ɞɚɥɶɧɟɣɲɟɦ ɩɥɚɧɢɪɭɟɬɫɹ ɩɪɨɞɨɥɠɢɬɶ ɢɫɫɥɟɞɨɜɚɧɢɟ ɬɚɤɨɝɨ ɪɨɞɚ ɥɢɧɢɣ 
ɞɥɹ ɢɡɭɱɟɧɢɹ ɜɨɡɦɨɠɧɨɫɬɢ ɨɩɪɟɞɟɥɟɧɢɹ ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ ɜ ɩɨɤɪɵɜɚɸɳɟɦ 
ɬɪɭɛɨɩɪɨɜɨɞɵ ɞɢɷɥɟɤɬɪɢɤɟ ɢ ɩɨɱɜɟ ɩɨɫɪɟɞɫɬɜɨɦ ɚɧɚɥɢɡɚ ɤɨɷɮɮɢɰɢɟɧɬɚ 
ɨɬɪɚɠɟɧɢɹ ɜɨɥɧɵ. 
4.3 ɉɨɥɨɫɤɨɜɚɹ ɥɢɧɢɹ, ɪɚɫɩɨɥɨɠɟɧɧɚɹ ɧɚ ɩɪɨɜɨɞɹɳɟɦ ɰɢɥɢɧɞɪɟ 
ɇɟɫɢɦɦɟɬɪɢɱɧɵɟ ɩɨɥɨɫɤɨɜɵɟ ɥɢɧɢɢ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɸɬɫɹ ɩɪɢ 
ɤɨɧɫɬɪɭɢɪɨɜɚɧɢɢ ɚɧɬɟɧɧɵɯ ɫɢɫɬɟɦ ɢ ɢɯ ɫɯɟɦ ɩɢɬɚɧɢɹ, ɜ ɬɨɦ ɱɢɫɥɟ 
ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɧɚ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɩɨɜɟɪɯɧɨɫɬɢ. Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɤɪɢɜɢɡɧɚ 
ɷɤɪɚɧɚ ɛɭɞɟɬ ɜɥɢɹɬɶ ɧɚ ɫɜɨɣɫɬɜɚ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ. ɉɪɢɫɭɬɫɬɜɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ 
ɭɤɪɵɬɢɣ ɚɧɬɟɧɧ ɬɚɤɠɟ ɢɡɦɟɧɢɬ ɫɜɨɣɫɬɜɚ ɩɨɥɨɫɤɨɜɵɯ ɥɢɧɢɣ. ȼ [78] ɨɩɢɫɚɧ 
ɚɥɝɨɪɢɬɦ ɪɚɫɱɟɬɚ ɩɨɫɬɨɹɧɧɨɣ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɩɨɥɨɫɤɨɜɨɣ ɥɢɧɢɢ ɫ 
ɰɢɥɢɧɞɪɢɱɟɫɤɢɦ ɷɤɪɚɧɨɦ, ɧɨ ɪɟɲɟɧɢɟ ɨɝɪɚɧɢɱɟɧɨ ɨɞɧɨɫɥɨɣɧɨɣ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɨɞɥɨɠɤɨɣ. Ɉɩɢɫɚɧɧɚɹ ɜ ɩɟɪɜɨɣ ɝɥɚɜɟ ɪɚɛɨɬɵ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ 
ɩɨɡɜɨɥɹɟɬ ɪɚɫɫɱɢɬɵɜɚɬɶ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɦɧɨɝɨɫɥɨɣɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ 
ɫɬɪɭɤɬɭɪ. ɉɪɢ ɪɚɫɱɟɬɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɨɥɨɫɤɨɜɨɣ ɥɢɧɢɢ, ɪɚɫɩɨɥɨɠɟɧɧɨɣ ɧɚ 
ɩɪɨɜɨɞɹɳɟɦ ɰɢɥɢɧɞɪɟ ɢ ɢɦɟɸɳɟɣ ɭɤɪɵɬɢɟ (ɪɢɫ. 4.20), ɜɨɫɩɨɥɶɡɭɟɦɫɹ 
ɦɟɬɨɞɢɤɨɣ, ɩɪɢɦɟɧɟɧɧɨɣ ɜ [79], ɨɫɧɨɜɚɧɧɨɣ ɧɚ ɩɨɧɹɬɢɢ «ɪɟɚɤɰɢɹ», ɩɨ ɫɭɬɢ, 
ɹɜɥɹɸɳɟɦɫɹ ɨɛɨɛɳɟɧɧɵɦ ɦɟɬɨɞɨɦ ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ.  
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Ɋɢɫ. 4.20 ɉɨɥɨɫɤɨɜɚɹ ɥɢɧɢɹ ɧɚ ɩɪɨɜɨɞɹɳɟɦ ɰɢɥɢɧɞɪɟ ɫ ɭɤɪɵɬɢɟɦ 
ɉɥɨɬɧɨɫɬɶ ɩɪɨɞɨɥɶɧɨɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ɜ ɩɪɢɛɥɢɠɟɧɢɢ 
ɪɚɜɧɨɦɟɪɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɨ ɩɨɩɟɪɟɱɧɨɦɭ ɫɟɱɟɧɢɸ ɩɨɥɨɫɤɢ ɡɚɩɢɫɵɜɚɟɬɫɹ ɜ 
ɜɢɞɟ 
( ) ( )1', ', ' e j zz A
A
J r z r r
r
′
− β
′ϕ = δ −
Δϕ
, (4.16)
ɝɞɟ Δϕ  – ɭɝɥɨɜɚɹ ɲɢɪɢɧɚ ɩɨɥɨɫɤɨɜɨɣ ɥɢɧɢɢ; Ar  – ɪɚɞɢɚɥɶɧɨɟ ɫɟɱɟɧɢɟ, ɜ 
ɤɨɬɨɪɨɦ ɪɚɫɩɨɥɨɠɟɧɚ ɩɪɨɜɨɞɹɳɚɹ ɩɨɥɨɫɤɚ. 
ɉɭɫɬɶ ɩɨɥɨɫɤɨɜɚɹ ɥɢɧɢɹ ɪɚɫɩɨɥɨɠɟɧɚ ɜɨ ɜɬɨɪɨɦ ɫɥɨɟ ɨɤɨɥɨ ɝɪɚɧɢɰɵ 
ɦɟɠɞɭ ɩɟɪɜɵɦ ɢ ɜɬɨɪɵɦ ɫɥɨɹɦɢ ( 1 0Ar r= + ). Ɍɟɩɟɪɶ, ɩɨɞɫɬɚɜɢɜ (4.16) ɜ (1.130), 
ɦɨɠɟɦ ɪɚɫɫɱɢɬɚɬɶ ɩɪɨɞɨɥɶɧɭɸ ɤɨɦɩɨɧɟɧɬɭ ɜɟɤɬɨɪɚ ɧɚɩɪɹɠɟɧɧɨɫɬɢ 
ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɜɨ ɜɬɨɪɨɦ ɫɥɨɟ ɢɫɩɨɥɶɡɭɹ ɫɥɟɞɭɸɳɟɟ ɜɵɪɚɠɟɧɢɟ: 
( ) ( ) ( )0 12
1 1
sin
2
, , e e , 2
4
2
jhz jm
z E
m E E
mj jkE r z dh V r r h
Y Y
m
∞∞
− − ϕ
+ +
=−∞
−∞
ª Δϕ º§ ·¨ ¸« »
− © ¹ϕ = − πδ β − « »Δϕπ + « »« »¬ ¼
¦ ³ GH G
. 
(4.17)
ȼ ɤɚɱɟɫɬɜɟ ɨɩɨɪɧɨɣ ɝɪɚɧɢɰɵ ɨɛɥɚɫɬɢ ɬɨɱɟɤ ɢɫɬɨɱɧɢɤɚ ɢ ɬɨɱɟɤ 
ɧɚɛɥɸɞɟɧɢɹ ɜɵɛɟɪɟɦ ɫɟɱɟɧɢɟ 1 0pr r= + . ɉɨɫɥɟ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɩɨ ɜɨɥɧɨɜɵɦ 
ɱɢɫɥɚɦ ɫ ɭɱɟɬɨɦ ɫɜɨɣɫɬɜ į-ɮɭɧɤɰɢɢ ɩɨɥɭɱɢɦ 
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( ) ( )10
1 1
sin
, 2
, , e e
2
2
jm j z E
z
m E E
mV r rkE r z
Y Y
m
∞
− ϕ − β
+ +
=−∞
ª Δϕ º§ ·¨ ¸« »© ¹ϕ = − « »Δϕπ + « »« »¬ ¼
¦
G
H G . (4.18)
ɂɧɞɟɤɫ m ɡɞɟɫɶ ɬɚɤɠɟ ɜɯɨɞɢɬ ɜ ɜɵɪɚɠɟɧɢɹ ɤɚɱɟɫɬɜɟ ɩɨɪɹɞɤɚ 
ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɮɭɧɤɰɢɣ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɩɪɢ ɜɵɱɢɫɥɟɧɢɢ ɦɨɞɚɥɶɧɵɯ 
ɧɚɩɪɹɠɟɧɢɹ ( )1,EV r rG  ɢ ɩɪɨɜɨɞɢɦɨɫɬɟɣ 1EY +H , 1EY +G .  
Ɋɚɫɫɱɢɬɚɟɦ ɭɞɟɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɦɟɬɚɥɥɢɱɟɫɤɨɣ ɩɨɥɨɫɤɢ ɜ 
ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɩɨɞɯɨɞɨɦ ɢɡ [79], ɤɨɬɨɪɨɟ ɞɥɹ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ 
ɤɨɨɪɞɢɧɚɬ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ 
( ) ( )0 2 *
0
2
, , , ,z zZ E r z J r z rd dz
Δϕ
λ
Δϕ
−
= ϕ ϕ ϕ³ ³I . (4.19)
ɉɨɞɫɬɚɜɢɜ ɜ (4.19) ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɩɪɨɞɨɥɶɧɨɣ ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɚ 
ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ (4.18) ɢ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ (4.16) ɢ ɜɵɩɨɥɧɢɜ 
ɢɧɬɟɝɪɢɪɨɜɚɧɢɟ, ɩɨɥɭɱɢɦ ɬɚɤɨɟ ɜɵɪɚɠɟɧɢɟ 
2
1 1
sin
1 2
2
m E E
m
Z
Y Y
m
∞
+ +
=−∞
ª Δϕ º§ ·¨ ¸« »© ¹
= − « »Δϕ+ « »« »¬ ¼
¦I H G . (4.20)
ɂɡ ɪɟɲɟɧɢɹ ɭɪɚɜɧɟɧɢɹ ( ) 0Z β =I  ɨɩɪɟɞɟɥɹɸɬɫɹ ɩɨɫɬɨɹɧɧɵɟ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɨɫɧɨɜɧɨɝɨ ɬɢɩɚ ɤɨɥɟɛɚɧɢɣ, ɚ ɬɚɤɠɟ ɜɵɫɲɢɯ ɬɢɩɨɜ, ɤɨɬɨɪɵɟ 
ɦɨɝɭɬ ɪɚɫɩɪɨɫɬɪɚɧɹɬɶɫɹ ɩɪɢ ɡɚɞɚɧɧɵɯ ɪɚɡɦɟɪɚɯ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɚɯ 
ɥɢɧɢɢ.  
ɂɧɬɟɪɟɫɧɨ, ɱɬɨ ɩɪɢ ɩɪɟɞɟɥɶɧɨɦ ɩɟɪɟɯɨɞɟ ( )1 0 0 1r r r− <<  ɞɥɹ ɨɞɧɨɫɥɨɣɧɨɣ 
ɩɨɞɥɨɠɤɢ ɫ ɭɱɟɬɨɦ ɫɜɨɣɫɬɜ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɮɭɧɤɰɢɣ ɩɨɥɭɱɚɟɬɫɹ ɭɪɚɜɧɟɧɢɟ, 
ɩɪɢɜɟɞɟɧɧɨɟ ɜ [79] ɞɥɹ ɧɟɫɢɦɦɟɬɪɢɱɧɨɣ ɩɨɥɨɫɤɨɜɨɣ ɥɢɧɢɢ ɧɚ ɩɥɨɫɤɨɦ ɷɤɪɚɧɟ, 
ɱɬɨ ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɞɨɩɨɥɧɢɬɟɥɶɧɭɸ ɩɪɨɜɟɪɤɭ ɩɪɚɜɢɥɶɧɨɫɬɢ 
ɪɚɡɪɚɛɚɬɵɜɚɟɦɨɝɨ ɦɟɬɨɞɚ. 
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ɍɱɟɫɬɶ ɧɟɪɚɜɧɨɦɟɪɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɨɤɚ ɩɨ ɩɨɩɟɪɟɱɧɨɦɭ ɫɟɱɟɧɢɸ 
ɩɨɥɨɫɤɢ, ɦɨɠɧɨ, ɟɫɥɢ ɜ ɜɵɪɚɠɟɧɢɢ (4.16) ɫɞɟɥɚɬɶ ɡɚɦɟɧɭ 
2
1 2 1
21
A Ar r
→
Δϕ π Δϕ § ·ϕ
− ¨ ¸Δϕ© ¹
 ɞɥɹ ɭɱɟɬɚ ɤɪɚɟɜɨɝɨ ɷɮɮɟɤɬɚ ɧɚ ɪɟɛɪɟ ɩɨɥɨɫɤɨɜɨɣ 
ɥɢɧɢɢ, ɬ.ɟ. ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ Ɇɟɣɤɫɧɟɪɚ. ɗɬɨ ɩɨɡɜɨɥɢɬ ɭɜɟɥɢɱɢɬɶ ɬɨɱɧɨɫɬɶ 
ɪɚɫɱɟɬɧɵɯ ɫɨɨɬɧɨɲɟɧɢɣ 
ɉɪɟɞɥɨɠɟɧɧɵɣ ɚɥɝɨɪɢɬɦ ɭɱɢɬɵɜɚɟɬ ɩɪɨɢɡɜɨɥɶɧɨɟ ɱɢɫɥɨ ɫɥɨɟɜ ɩɨɞɥɨɠɤɢ 
ɢ ɩɨɤɪɵɬɢɹ ɥɢɧɢɢ. Ⱦɨɫɬɨɢɧɫɬɜɨɦ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɩɨɞɯɨɞɚ ɹɜɥɹɟɬɫɹ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɩɨɞɝɨɬɨɜɥɟɧɧɵɯ ɪɚɧɟɟ ɚɥɝɨɪɢɬɦɨɜ, ɭɱɢɬɵɜɚɸɳɢɯ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɭɸ ɫɬɪɭɤɬɭɪɭ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɥɢɧɢɢ. 
4.4 ɓɟɥɟɜɚɹ ɥɢɧɢɹ ɫ ɰɢɥɢɧɞɪɢɱɟɫɤɢɦ ɷɤɪɚɧɨɦ 
ɓɟɥɟɜɵɟ ɥɢɧɢɢ ɢɫɫɥɟɞɭɸɬɫɹ ɜ ɛɨɥɶɲɨɦ ɤɨɥɢɱɟɫɬɜɟ ɪɚɛɨɬ, ɱɬɨ 
ɨɛɭɫɥɨɜɥɟɧɨ ɩɪɨɫɬɨɬɨɣ ɢɯ ɤɨɧɫɬɪɭɢɪɨɜɚɧɢɹ ɢ ɢɯ ɬɟɯɧɨɥɨɝɢɱɧɨɫɬɶɸ. ȼ ɪɚɛɨɬɟ 
[65], ɧɚɩɪɢɦɟɪ, ɪɚɫɫɦɨɬɪɟɧ ɪɚɫɱɟɬ ɩɨɫɬɨɹɧɧɨɣ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɦɟɬɨɞɨɦ 
ɩɨɩɟɪɟɱɧɨɝɨ ɪɟɡɨɧɚɧɫɚ ɜ ɨɬɫɭɬɫɬɜɢɢ ɩɨɤɪɵɬɢɹ ɳɟɥɟɜɨɣ ɥɢɧɢɢ. Ɋɚɡɪɚɛɨɬɚɧɧɵɣ 
ɦɟɬɨɞ ɚɧɚɥɢɡɚ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ ɩɨɡɜɨɥɹɟɬ ɨɬɧɨɫɢɬɟɥɶɧɨ ɩɪɨɫɬɨ 
ɡɚɩɢɫɚɬɶ ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɥɢɧɢɢ (ɪɢɫ. 4.21). 
ɂɡɧɚɱɚɥɶɧɨ ɩɨɥɨɠɢɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɨɤɚ ɜ ɩɨɩɟɪɟɱɧɨɦ ɫɟɱɟɧɢɢ 
ɪɚɜɧɨɦɟɪɧɵɦ: 
( )0
0
1M j z
zJ e r r
r
− β
= δ −
Δϕ
. (4.21)
ɉɪɨɞɨɥɶɧɨɟ ɜɨɥɧɨɜɨɟ ɱɢɫɥɨ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɨɩɪɟɞɟɥɹɸɬɫɹ ɢɡ ɪɟɲɟɧɢɹ 
ɭɪɚɜɧɟɧɢɹ 
( ) ( ) 0Y Yβ + β =H G , (4.22)
ɡɚɩɢɫɚɧɧɨɝɨ ɞɥɹ ɫɟɱɟɧɢɹ 0r r= . ɋɱɢɬɚɟɦ, ɱɬɨ ɦɚɝɧɢɬɧɵɣ ɬɨɤ (4.21) ɫɨɡɞɚɟɬ ɩɨɥɟ 
ɤɚɤ ɜɨ ɜɧɭɬɪɟɧɧɟɣ ɨɛɥɚɫɬɢ ( 0r r< ), ɬɚɤ ɢ ɜɨ ɜɧɟɲɧɟɣ ɨɛɥɚɫɬɢ ( 0r r> ). Ⱦɥɹ 
ɪɚɫɱɟɬɚ ɩɪɨɜɨɞɢɦɨɫɬɟɣ, ɜɯɨɞɹɳɢɯ ɜ (4.22), ɩɨɬɪɟɛɭɸɬɫɹ ɩɪɨɞɨɥɶɧɵɟ 
ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɚ ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ, ɤɨɬɨɪɵɟ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ 
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ɫ ɝɥɚɜɨɣ 1 ɞɥɹ ɜɧɭɬɪɟɧɧɟɣ ɨɛɥɚɫɬɢ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ( 0r r< ) ɩɨɥɭɱɢɦ ɢɡ 
ɫɥɟɞɭɸɳɟɝɨ ɜɵɪɚɠɟɧɢɹ 
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Ɋɢɫ. 4.21 ɓɟɥɟɜɚɹ ɥɢɧɢɹ ɧɚ ɷɤɪɚɧɟ ɜ ɜɢɞɟ ɰɢɥɢɧɞɪɚ ɫ ɦɧɨɝɨɫɥɨɣɧɵɦ ɭɤɪɵɬɢɟɦ 
ɗɬɨ ɜɵɪɚɠɟɧɢɟ ɡɚɩɢɫɚɧɨ ɜ ɩɪɟɞɩɨɥɨɠɟɧɢɢ, ɱɬɨ ɨɩɨɪɧɵɟ ɫɟɱɟɧɢɹ ɨɛɥɚɫɬɢ 
ɬɨɱɟɤ ɢɫɬɨɱɧɢɤɚ ɢ ɨɛɥɚɫɬɢ ɬɨɱɟɤ ɧɚɛɥɸɞɟɧɢɹ ɫɨɜɩɚɞɚɸɬ ɦɟɠɞɭ ɫɨɛɨɣ ɢ ɫ 
ɫɟɱɟɧɢɟɦ 0r r−= . ɋ ɭɱɟɬɨɦ ɢɞɟɚɥɶɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɬɟɧɤɢ ɜɨɥɧɨɜɨɞɚ ɩɨɥɭɱɢɦ 
0 0HZ
−
=
G
, ɢ ɜ ɪɟɡɭɥɶɬɚɬɟ ɜɵɪɚɡɢɦ ɇz ɬɚɤ 
( )0 0
0
sin 12e e ,
2
2
jm j z
z H
m H
mkH I r r
Z
m
∞
− ϕ − β
−
=−∞
Δϕª º« »
= − « »Δϕπ « »¬ ¼
¦ H H . (4.24)
ȼɦɟɫɬɟ ɫ ɬɟɦ, ɞɥɹ ɨɞɧɨɪɨɞɧɨ ɡɚɩɨɥɧɟɧɧɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫɩɪɚɜɟɞɥɢɜɨ 
ɫɨɨɬɧɨɲɟɧɢɟ 
( )
( )
0 0 00
1 0 0 0
0 0 0 0
.
m
H
m
J k r
Z jZ k r
J k r
−
′ β′μ
= − β β
H
 (4.25)
ȼ (4.24), (4.25) ɜɧɭɬɪɟɧɧɹɹ ɨɛɥɚɫɬɶ ɜɨɥɧɨɜɨɞɚ ɨɛɨɡɧɚɱɟɧɚ ɤɚɤ ɧɭɥɟɜɚɹ ɜ 
ɩɪɟɞɩɨɥɨɠɟɧɢɢ, ɱɬɨ ɞɥɹ ɨɛɨɡɧɚɱɟɧɢɹ ɨɛɥɚɫɬɟɣ ɫɥɨɢɫɬɨɣ ɫɬɪɭɤɬɭɪɵ ɜɧɭɬɪɢ 
ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ɛɭɞɭɬ ɢɫɩɨɥɶɡɨɜɚɧɵ ɨɬɪɢɰɚɬɟɥɶɧɵɟ ɧɨɦɟɪɚ, ɱɬɨɛɵ 
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ɨɬɥɢɱɚɬɶ ɢɯ ɨɬ ɫɥɨɟɜ ɜɧɟɲɧɟɣ ɨɛɥɚɫɬɢ. Ȼɭɞɟɦ ɫɱɢɬɚɬɶ, ɱɬɨ ɜɨɥɧɨɜɨɞ ɡɚɩɨɥɧɟɧ 
ɨɞɧɨɪɨɞɧɨɣ ɫɪɟɞɨɣ, ɢ ɦɨɠɧɨ ɜɨɫɩɨɥɶɡɨɜɚɬɶɫɹ ɜɵɪɚɠɟɧɢɟɦ (4.25), ɱɬɨ ɩɨɡɜɨɥɢɬ 
ɭɩɪɨɫɬɢɬɶ ɜɵɜɨɞ. ȿɫɥɢ ɠɟ ɡɚɩɨɥɧɟɧɢɟ ɦɧɨɝɨɫɥɨɣɧɨɟ, ɬɨ ɧɟɨɛɯɨɞɢɦɨ 
ɪɚɫɫɦɨɬɪɟɬɶ ɟɝɨ ɷɤɜɢɜɚɥɟɧɬɧɭɸ ɫɯɟɦɭ ɢ ɪɚɫɫɱɢɬɚɬɶ ɦɚɬɪɢɰɵ ɩɟɪɟɞɚɱɢ ɫɥɨɟɜ ɢ 
ɝɪɚɧɢɰ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɪɟɤɨɦɟɧɞɚɰɢɹɦɢ ɜɬɨɪɨɣ ɝɥɚɜɵ. 
Ⱦɥɹ ɜɧɟɲɧɟɣ ɨɛɥɚɫɬɢ ( 0r r> ) ɩɪɨɞɨɥɶɧɭɸ ɤɨɦɩɨɧɟɧɬɭ ɜɟɤɬɨɪɚ 
ɧɚɩɪɹɠɟɧɧɨɫɬɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɧɚɣɞɟɦ ɢɡ 
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¦ G H G . (4.26)
ȼ ɤɚɱɟɫɬɜɟ ɨɩɨɪɧɨɣ ɝɪɚɧɢɰɵ ɞɥɹ ɨɛɥɚɫɬɢ ɢɫɬɨɱɧɢɤɚ ɩɪɢ ɪɚɫɱɟɬɟ ɩɨɥɹ ɜɨ 
ɜɧɟɲɧɟɣ ɨɛɥɚɫɬɢ ɜɵɛɟɪɟɦ ɫɟɱɟɧɢɟ 0r r+= , ɢ ɢɫɩɨɥɶɡɭɟɦ ɟɝɨ ɜ ɤɚɱɟɫɬɜɟ ɨɩɨɪɧɨɝɨ 
ɞɥɹ ɨɛɥɚɫɬɢ ɬɨɱɟɤ ɧɚɛɥɸɞɟɧɢɹ. ȿɫɥɢ ɫɬɟɧɤɚ ɜɨɥɧɨɜɨɞɚ ɢɞɟɚɥɶɧɨ ɩɪɨɜɨɞɹɳɚɹ, 
ɬɨ ɜ (4.26) ɩɨɥɨɠɢɦ 0 0HZ + =
H
, ɢ ɡɚɩɢɫɶ ɭɩɪɨɳɚɟɬɫɹ ɞɨ ɫɥɟɞɭɸɳɟɝɨ ɜɢɞɚ 
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¦ G H G . (4.27)
ɉɪɢ ɪɚɫɱɟɬɟ ɭɞɟɥɶɧɵɯ ɩɪɨɜɨɞɢɦɨɫɬɟɣ, ɜɯɨɞɹɳɢɯ ɜ (4.22), 
ɩɪɨɢɧɬɟɝɪɢɪɭɟɦ ɩɪɨɢɡɜɟɞɟɧɢɟ ɩɪɨɞɨɥɶɧɨɣ ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɚ ɧɚɩɪɹɠɟɧɧɨɫɬɢ 
ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɹ ɜ ɫɟɱɟɧɢɢ 0r r=  ɢ ɫɨɩɪɹɠɟɧɧɨɣ ɩɥɨɬɧɨɫɬɢ ɦɚɝɧɢɬɧɨɝɨ ɬɨɤɚ 
(4.21). Ɍɨɝɞɚ ɞɥɹ ɧɚɩɪɚɜɥɟɧɧɨɣ ɭɞɟɥɶɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɫɬɨɪɨɧɭ ɜɧɭɬɪɟɧɧɟɣ 
ɨɛɥɚɫɬɢ ɩɨɥɭɱɢɦ ɜɵɪɚɠɟɧɢɟ 
( )
2
0
0
0
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2
m H
mkY r r
Z
m
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Δϕª º« »
= = − « »Δϕβ « »¬ ¼
¦H H , (4.28)
ɚ ɜ ɫɬɨɪɨɧɭ ɜɧɟɲɧɟɣ ɨɛɥɚɫɬɢ 
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Ɋɚɫɱɟɬɧɵɟ ɮɨɪɦɭɥɵ ɞɥɹ 0HZ +
G
 ɭɱɢɬɵɜɚɸɬ ɱɢɫɥɨ ɫɥɨɟɜ ɩɨɤɪɵɬɢɹ ɰɢɥɢɧɞɪɚ 
ɢ ɢɯ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɢɫɩɟɪɫɢɨɧɧɨɟ 
ɭɪɚɜɧɟɧɢɟ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɦɨɠɟɬ ɛɵɬɶ ɡɚɩɢɫɚɧɨ ɜ ɫɥɟɞɭɸɳɟɦ ɜɢɞɟ 
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ȼ ɫɥɭɱɚɟ ɩɨɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ɜɨ ɜɧɟɲɧɟɣ ɨɛɥɚɫɬɢ ɩɪɨɫɬɪɚɧɫɬɜɚ ɨɬɫɸɞɚ 
ɩɨɥɭɱɚɟɬɫɹ ɞɢɫɩɟɪɫɢɨɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɜ ɜɢɞɟ 
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ɫɨɜɩɚɞɚɸɳɟɟ ɫ ɩɪɢɫɭɬɫɬɜɭɸɳɢɦ ɜ [65] ɞɥɹ ɚɧɚɥɨɝɢɱɧɨɣ ɡɚɞɚɱɢ, ɱɬɨ ɥɢɲɧɢɣ 
ɪɚɡ ɞɨɤɚɡɵɜɚɟɬ ɚɞɟɤɜɚɬɧɨɫɬɶ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɦɟɬɨɞɚ ɞɥɹ ɪɟɲɟɧɢɹ ɲɢɪɨɤɨɝɨ 
ɫɩɟɤɬɪɚ ɡɚɞɚɱ. 
ȼ ɪɚɛɨɬɟ ɧɟ ɫɬɚɜɢɥɚɫɶ ɡɚɞɚɱɚ ɩɨɞɪɨɛɧɨɝɨ ɚɧɚɥɢɡɚ ɪɚɫɫɦɨɬɪɟɧɧɵɯ ɜ 
ɩɨɫɥɟɞɧɢɯ ɞɜɭɯ ɪɚɡɞɟɥɚɯ ɳɟɥɟɜɵɯ ɢ ɩɨɥɨɫɤɨɜɵɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ, 
ɩɨɷɬɨɦɭ ɧɟ ɩɪɨɢɡɜɨɞɢɥɫɹ ɪɚɫɱɟɬ ɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ. ɉɪɢɜɟɞɟɧɧɵɟ ɩɪɢɦɟɪɵ 
ɥɢɲɶ ɢɥɥɸɫɬɪɢɪɭɸɬ ɲɢɪɨɤɢɟ ɜɨɡɦɨɠɧɨɫɬɢ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɩɨɞɯɨɞɚ ɞɥɹ 
ɚɧɚɥɢɡɚ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ ɪɚɡɥɢɱɧɵɯ ɤɨɧɫɬɪɭɤɰɢɣ. 
Ɉɫɧɨɜɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɞɚɧɧɨɣ ɝɥɚɜɵ ɨɬɪɚɠɟɧɵ ɜ ɩɭɛɥɢɤɚɰɢɹɯ [93-97, 99]. 
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ɁȺɄɅɘɑȿɇɂȿ 
ȼ ɢɬɨɝɟ ɩɪɨɜɟɞɟɧɧɵɯ ɜ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɥɭɱɟɧɵ ɫɥɟɞɭɸɳɢɟ 
ɪɟɡɭɥɶɬɚɬɵ: 
1. Ɋɚɡɪɚɛɨɬɚɧɚ ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɪɚɞɢɚɥɶɧɨ-ɧɟɨɞɧɨɪɨɞɧɨɣ 
ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ, ɨɫɧɨɜɚɧɧɚɹ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɷɤɜɢɜɚɥɟɧɬɧɵɯ 
ɪɚɞɢɚɥɶɧɵɯ ɥɢɧɢɣ ɩɟɪɟɞɚɱɢ, ɨɬɥɢɱɚɸɳɚɹɫɹ ɭɧɢɜɟɪɫɚɥɶɧɨɫɬɶɸ ɩɪɢɦɟɧɟɧɢɹ ɤ 
ɪɚɫɱɟɬɭ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɪɚɡɧɨɨɛɪɚɡɧɵɯ ɜɨɥɧɨɜɟɞɭɳɢɯ ɫɢɫɬɟɦ ɫ ɩɪɨɢɡɜɨɥɶɧɵɦ 
ɱɢɫɥɨɦ ɫɥɨɟɜ ɢ ɩɚɪɚɦɟɬɪɚɦɢ ɦɚɬɟɪɢɚɥɨɜ. 
2. ɉɨɥɭɱɟɧɵ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɪɚɫɱɟɬɚ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰ ɩɟɪɟɞɚɱɢ 
ɜɨɫɶɦɢɩɨɥɸɫɧɢɤɨɜ ɫɥɨɟɜ ɢ ɝɪɚɧɢɰ, ɚ ɬɚɤɠɟ ɤɨɧɰɟɜɵɯ ɧɚɝɪɭɡɨɤ ɜ 
ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɪɚɞɢɚɥɶɧɵɯ ɥɢɧɢɹɯ ɩɪɢ ɜɫɟɯ ɜɨɡɦɨɠɧɵɯ ɜɚɪɢɚɧɬɚɯ ɝɪɚɧɢɰ – 
ɜɧɟɲɧɟɟ ɧɟɨɝɪɚɧɢɱɟɧɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ, ɜɧɟɲɧɹɹ ɢ ɜɧɭɬɪɟɧɧɹɹ ɢɞɟɚɥɶɧɨ 
ɩɪɨɜɨɞɹɳɚɹ ɰɢɥɢɧɞɪɢɱɟɫɤɚɹ ɩɨɜɟɪɯɧɨɫɬɶ, ɢɦɩɟɞɚɧɫɧɚɹ ɩɨɜɟɪɯɧɨɫɬɶ, 
ɩɨɜɟɪɯɧɨɫɬɶ ɢɡ ɦɚɝɧɢɬɨɞɢɷɥɟɤɬɪɢɤɚ. 
3. Ɋɚɡɪɚɛɨɬɚɧɚ ɦɟɬɨɞɢɤɚ ɫɨɫɬɚɜɥɟɧɢɹ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɞɥɹ 
ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɬɪɭɤɬɭɪ ɪɚɡɥɢɱɧɵɯ ɤɨɧɮɢɝɭɪɚɰɢɣ 
ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ, ɨɫɧɨɜɚɧɧɚɹ ɧɚ ɪɟɤɭɪɪɟɧɬɧɵɯ ɫɨɨɬɧɨɲɟɧɢɹɯ ɞɥɹ ɪɚɫɱɟɬɚ 
ɧɚɩɪɚɜɥɟɧɧɵɯ ɦɨɞɚɥɶɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɥɢɧɢɣ. ɉɪɨɢɡɜɟɞɟɧɵ 
ɩɪɟɞɟɥɶɧɵɟ ɩɟɪɟɯɨɞɵ ɢ ɭɩɪɨɳɟɧɢɹ ɞɥɹ ɩɪɨɜɟɪɤɢ ɤɨɪɪɟɤɬɧɨɫɬɢ ɢɫɩɨɥɶɡɭɟɦɨɝɨ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɦɟɬɨɞɚ. 
4. ɇɚ ɨɫɧɨɜɟ ɩɨɥɭɱɟɧɧɵɯ ɪɚɫɱɟɬɧɵɯ ɫɨɨɬɧɨɲɟɧɢɣ ɫɨɡɞɚɧɵ ɩɪɨɝɪɚɦɦɵ 
ɪɚɫɱɟɬɚ ɤɪɢɬɢɱɟɫɤɢɯ ɱɚɫɬɨɬ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ ɤɪɭɝɥɵɯ ɢ ɤɨɚɤɫɢɚɥɶɧɵɯ 
ɜɨɥɧɨɜɨɞɨɜ ɫ ɬɪɟɯɫɥɨɣɧɵɦ ɦɚɝɧɢɬɨɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɡɚɩɨɥɧɟɧɢɟɦ ɋɨɫɬɚɜɥɟɧɵ 
ɚɥɝɨɪɢɬɦɵ ɪɚɫɱɟɬɚ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɨɛɫɬɜɟɧɧɵɯ ɜɨɥɧ 
ɢɫɫɥɟɞɭɟɦɵɯ ɦɧɨɝɨɫɥɨɣɧɵɯ ɫɬɪɭɤɬɭɪ. 
5. Ⱦɥɹ ɚɧɚɥɢɡɚ ɧɚɩɪɚɜɥɹɸɳɟɣ ɫɢɫɬɟɦɵ ɜɩɟɪɜɵɟ ɢɫɫɥɟɞɨɜɚɧɵ 
ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɟɪɟɤɪɵɬɢɹ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɬɢɩɨɜ ɜɨɥɧ ɨɬ 
ɤɨɧɮɢɝɭɪɚɰɢɢ ɟɟ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɩɨɥɶɡɨɜɚɧɵ 
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ɞɥɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɪɟɤɨɦɟɧɞɚɰɢɣ ɤ ɦɚɬɟɪɢɚɥɚɦ ɡɚɩɨɥɧɟɧɢɹ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɢ 
ɫɨɨɬɧɨɲɟɧɢɹɦ ɪɚɡɦɟɪɨɜ ɫɥɨɟɜ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɰɟɥɢ ɟɟ ɢɫɩɨɥɶɡɨɜɚɧɢɹ 
6. ȼɩɟɪɜɵɟ ɩɨɥɭɱɟɧɵ ɱɢɫɥɟɧɧɵɟ ɪɟɲɟɧɢɹ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɤɨɷɮɮɢɰɢɟɧɬɚ ɡɚɬɭɯɚɧɢɹ, ɨɛɭɫɥɨɜɥɟɧɧɨɝɨ ɩɨɬɟɪɹɦɢ ɜ ɦɟɬɚɥɥɟ 
ɫɬɟɧɨɤ ɜ ɫɬɪɨɝɨɣ ɩɨɫɬɚɧɨɜɤɟ ɡɚɞɚɱɢ ɛɟɡ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɩɪɢɛɥɢɠɟɧɧɵɯ 
ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ Ʌɟɨɧɬɨɜɢɱɚ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɞɥɹ ɤɪɭɝɥɨɝɨ ɜɨɥɧɨɜɨɞɚ ɫ 
ɩɪɨɜɨɞɢɦɨɫɬɶɸ ɫɬɟɧɨɤ ɦɟɧɟɟ 102 ɋɢɦ/ɦ ɩɪɢ 0 1,1R λ >  ɩɨɝɪɟɲɧɨɫɬɶ ɫɨɫɬɚɜɥɹɟɬ 
ɛɨɥɟɟ 10 %. Ⱦɥɹ ɤɨɚɤɫɢɚɥɶɧɨɣ ɥɢɧɢɢ ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ ɦɟɧɟɟ 104×R, ɩɨɝɪɟɲɧɨɫɬɶ 
ɫɨɫɬɚɜɢɬ ɧɟ ɛɨɥɟɟ 1% ɞɥɹ ɛɨɥɶɲɢɧɫɬɜɚ ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɬɟɯɧɢɤɟ ɩɪɨɜɨɞɧɢɤɨɜ. 
7. ɇɚ ɨɫɧɨɜɟ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɭɧɢɜɟɪɫɚɥɶɧɨɝɨ ɦɟɬɨɞɚ ɜɵɜɟɞɟɧɵ 
ɞɢɫɩɟɪɫɢɨɧɧɵɟ ɭɪɚɜɧɟɧɢɹ ɞɥɹ ɩɨɥɨɫɤɨɜɨɣ ɥɢɧɢɢ ɫ ɭɤɪɵɬɢɟɦ ɧɚ 
ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ ɩɨɞɥɨɠɤɟ ɢ ɳɟɥɟɜɨɣ ɥɢɧɢɢ ɧɚ ɨɫɧɨɜɟ ɤɪɭɝɥɨɝɨ ɦɧɨɝɨɫɥɨɣɧɨɝɨ 
ɷɤɪɚɧɢɪɨɜɚɧɧɨɝɨ ɜɨɥɧɨɜɨɞɚ. 
8. ɉɨɥɭɱɟɧɧɵɟ ɩɪɢ ɚɧɚɥɢɡɟ ɬɪɭɛɵ ɦɚɝɢɫɬɪɚɥɶɧɨɝɨ ɧɟɮɬɟɩɪɨɜɨɞɚ ɜ 
ɤɚɱɟɫɬɜɟ ɨɞɧɨɩɪɨɜɨɞɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ ɜ ɫɪɟɞɟ ɫ ɩɨɬɟɪɹɦɢ ɪɟɡɭɥɶɬɚɬɵ 
ɩɨɡɜɨɥɹɸɬ ɫɭɞɢɬɶ ɨ ɬɟɯɧɢɱɟɫɤɨɣ ɜɨɡɦɨɠɧɨɫɬɢ ɫɨɡɞɚɧɢɹ ɭɫɬɪɨɣɫɬɜɚ ɞɥɹ 
ɨɛɧɚɪɭɠɟɧɢɹ ɧɟɫɚɧɤɰɢɨɧɢɪɨɜɚɧɧɵɯ ɨɛɴɟɤɬɨɜ ɜɛɥɢɡɢ ɪɟɚɥɶɧɵɯ ɦɚɝɢɫɬɪɚɥɶɧɵɯ 
ɝɚɡɨ- ɢ ɧɟɮɬɟɩɪɨɜɨɞɨɜ, ɪɚɫɩɨɥɚɝɚɸɳɢɯɫɹ ɜ ɡɟɦɥɟ. ɉɪɟɞɜɚɪɢɬɟɥɶɧɚɹ ɨɰɟɧɤɚ 
ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɞɚɥɶɧɨɫɬɶ ɪɚɛɨɬɵ ɫɢɫɬɟɦ ɨɛɧɚɪɭɠɟɧɢɹ ɦɨɠɟɬ ɫɨɫɬɚɜɥɹɬɶ 10-20 
ɤɦ. 
9. Ɉɩɪɟɞɟɥɟɧɢɟ ɩɨɫɬɨɹɧɧɵɯ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɥɢɧɢɹɯ ɩɟɪɟɞɚɱɢ ɧɚ 
ɨɫɧɨɜɟ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɜɨɡɛɭɠɞɟɧɢɹ ɩɨɡɜɨɥɹɟɬ ɫ ɨɞɧɨɣ ɫɬɨɪɨɧɵ ɩɪɢɛɥɢɡɢɬɶ 
ɪɟɡɭɥɶɬɚɬɵ ɤ ɪɟɚɥɶɧɵɦ ɤɨɧɫɬɪɭɤɰɢɹɦ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɬɪɭɤɬɭɪ ɫ 
ɜɨɡɛɭɠɞɚɸɳɢɦɢ ɭɫɬɪɨɣɫɬɜɚɦɢ, ɫ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɩɪɢ ɷɬɨɦ ɢɫɤɥɸɱɚɸɬɫɹ 
ɤɨɪɧɢ ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɬɢɩɚɦ ɜɨɥɧ, ɤɨɬɨɪɵɟ ɧɟ 
ɜɨɡɛɭɠɞɚɸɬɫɹ ɡɚɞɚɧɧɵɦɢ ɢɫɬɨɱɧɢɤɚɦɢ. 
10. ɉɪɨɜɟɞɟɧɧɨɟ ɫɪɚɜɧɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɚ ɩɨɫɬɨɹɧɧɵɯ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɫ ɩɨɦɨɳɶɸ ɲɢɪɨɤɨ ɩɪɢɦɟɧɹɟɦɨɝɨ ɩɚɤɟɬɚ ɬɪɟɯɦɟɪɧɨɝɨ 
ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ Ansoft HFSS ɩɨɤɚɡɚɥɨ, ɱɬɨ ɧɟɫɦɨɬɪɹ ɧɚ 
ɩɪɢɟɦɥɟɦɨɟ ɫɨɜɩɚɞɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɧɚɛɥɸɞɚɟɬɫɹ ɷɮɮɟɤɬ ɩɟɪɟɫɤɚɤɢɜɚɧɢɹ 
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ɝɪɚɮɢɤɨɜ ɫ ɨɞɧɨɝɨ ɬɢɩɚ ɜɨɥɧ ɧɚ ɞɪɭɝɨɣ. ɗɬɨ ɫɭɳɟɫɬɜɟɧɧɨ ɨɝɪɚɧɢɱɢɜɚɟɬ ɜ 
ɨɬɥɢɱɢɟ ɨɬ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɦɟɬɨɞɚ ɜɨɡɦɨɠɧɨɫɬɢ ɚɧɚɥɢɡɚ ɞɚɧɧɵɦ ɩɚɤɟɬɨɦ 
ɦɧɨɝɨɦɨɞɨɜɵɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɫɢɫɬɟɦ. Ʉɪɨɦɟ ɬɨɝɨ, ɜɪɟɦɹ ɪɚɫɱɟɬɚ 
ɞɢɫɩɟɪɫɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɦɧɨɝɨɫɥɨɣɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ 
ɩɪɟɞɥɨɠɟɧɧɵɦ ɦɟɬɨɞɨɦ ɜ 30-50 ɪɚɡ ɦɟɧɶɲɟ.  
11. Ⱦɨɤɚɡɚɧɨ ɫɨɨɬɜɟɬɫɬɜɢɟ ɷɥɟɤɬɪɨɞɢɧɚɦɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɜ ɨɞɧɨɪɨɞɧɨɣ ɫɪɟɞɟ ɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ 
ɜ ɨɝɪɚɧɢɱɟɧɧɨɣ ɨɛɨɥɨɱɤɟ, ɪɚɫɫɱɢɬɚɧɧɵɯ ɩɨ ɪɚɡɪɚɛɨɬɚɧɧɵɦ ɚɜɬɨɪɚɦɢ 
ɩɪɨɝɪɚɦɦɚɦ, ɧɚ ɩɪɢɦɟɪɟ ɨɩɬɨɜɨɥɨɤɨɧɧɨɣ ɥɢɧɢɢ ɩɟɪɟɞɚɱɢ. 
12. ɉɪɟɞɥɨɠɟɧɧɵɣ ɦɟɬɨɞ ɩɨɡɜɨɥɹɟɬ ɧɟ ɬɨɥɶɤɨ ɪɚɫɫɱɢɬɚɬɶ ɩɨɫɬɨɹɧɧɵɟ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜɨɥɧ, ɤɨɷɮɮɢɰɢɟɧɬ ɡɚɬɭɯɚɧɢɹ, ɞɥɢɧɭ ɜɨɥɧɵ ɜ ɥɢɧɢɢ, ɧɨ ɢ 
ɩɨɫɬɪɨɢɬɶ ɤɚɪɬɢɧɭ ɫɢɥɨɜɵɯ ɥɢɧɢɣ ɩɨɥɹ. ɗɬɨ ɹɜɥɹɟɬɫɹ ɫɥɟɞɫɬɜɢɟɦ ɪɟɲɟɧɢɹ 
ɩɨɫɬɚɜɥɟɧɧɨɣ ɡɚɞɚɱɢ ɤɚɤ ɡɚɞɚɱɢ ɜɨɡɛɭɠɞɟɧɢɹ ɫɬɪɭɤɬɭɪɵ ɫɬɨɪɨɧɧɢɦɢ ɬɨɤɚɦɢ. 
Ɂɧɚɧɢɟ ɫɬɪɭɤɬɭɪɵ ɩɨɥɹ ɩɨɡɜɨɥɹɟɬ ɪɚɰɢɨɧɚɥɶɧɨ ɜɵɛɢɪɚɬɶ ɬɟɯɧɢɱɟɫɤɢɟ ɪɟɲɟɧɢɹ 
ɞɥɹ ɷɥɟɦɟɧɬɨɜ ɜɨɡɛɭɠɞɟɧɢɹ ɢ ɫɜɹɡɢ. 
13. ɍɧɢɜɟɪɫɚɥɶɧɨɫɬɶ, ɤɨɦɩɚɤɬɧɨɫɬɶ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɪɟɞɥɨɠɟɧɧɵɯ 
ɩɪɨɝɪɚɦɦ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨɤɚɡɵɜɚɸɬ ɜɨɡɦɨɠɧɨɫɬɶ ɫɨɡɞɚɧɢɹ ɧɨɜɵɯ 
ɷɥɟɦɟɧɬɨɜ ɋȺɉɊ ɦɢɤɪɨɜɨɥɧɨɜɵɯ ɭɫɬɪɨɣɫɬɜ ɧɚ ɨɫɧɨɜɟ ɪɚɡɪɚɛɨɬɚɧɧɵɯ ɛɚɡɨɜɵɯ 
ɚɥɝɨɪɢɬɦɨɜ. 
14. ɋɬɪɨɝɨɫɬɶ ɪɟɲɟɧɢɣ ɢ ɩɨɜɵɲɟɧɧɚɹ ɬɨɱɧɨɫɬɶ ɪɚɫɱɟɬɚ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 
ɡɚɬɭɯɚɧɢɹ ɜ ɦɧɨɝɨɫɥɨɣɧɵɯ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɥɢɧɢɹɯ ɩɟɪɟɞɚɱɢ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ 
ɨɰɟɧɢɜɚɬɶ ɩɪɟɞɟɥɶɧɵɟ ɞɚɥɶɧɨɫɬɢ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɹ ɬɟɥɟɤɨɦɦɭɧɢɤɚɰɢɨɧɧɵɯ ɢ 
ɪɚɞɢɨɥɨɤɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦ ɧɚ ɢɯ ɨɫɧɨɜɟ. 
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3. Ʉɢɫɭɧɶɤɨ Ƚ.ȼ. ɗɥɟɤɬɪɨɞɢɧɚɦɢɤɚ ɩɨɥɵɯ ɫɢɫɬɟɦ. – Ʌ: ɂɡɞɚɬɟɥɶɫɬɜɨ 
ȼɄȺɋ, 1949. – 426 ɫ. 
4. ȼɚɣɧɲɬɟɣɧ Ʌ.Ⱥ. ɗɥɟɤɬɪɨɦɚɝɧɢɬɧɵɟ ɜɨɥɧɵ. – 2-ɟ ɢɡɞ., ɩɟɪɟɪɚɛ. ɢ ɞɨɩ. 
– Ɇ.: Ɋɚɞɢɨ ɢ ɫɜɹɡɶ, 1988. – 440 ɫ. 
5. Ɇɚɪɤɨɜ Ƚ.Ɍ., ɑɚɩɥɢɧ Ⱥ.Ɏ. ȼɨɡɛɭɠɞɟɧɢɟ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɨɥɧ. – Ɇ.: 
Ɋɚɞɢɨ ɢ ɫɜɹɡɶ, 1983. – 295 ɫ. 
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